Mechanisms of Astrocytic Calcium Wave Propagation and In Vitro Hippocampal Cell Death Are Determined By The Magnitude Of Mechanical Injury by Miller, William
University of Pennsylvania
ScholarlyCommons
Publicly Accessible Penn Dissertations
Spring 5-17-2010
Mechanisms of Astrocytic Calcium Wave
Propagation and In Vitro Hippocampal Cell Death
Are Determined By The Magnitude Of Mechanical
Injury
William Miller
University of Pennsylvania, bmill20@hotmail.com
Follow this and additional works at: http://repository.upenn.edu/edissertations
Part of the Biomedical Engineering and Bioengineering Commons
This paper is posted at ScholarlyCommons. http://repository.upenn.edu/edissertations/172
For more information, please contact libraryrepository@pobox.upenn.edu.
Recommended Citation
Miller, William, "Mechanisms of Astrocytic Calcium Wave Propagation and In Vitro Hippocampal Cell Death Are Determined By The
Magnitude Of Mechanical Injury" (2010). Publicly Accessible Penn Dissertations. 172.
http://repository.upenn.edu/edissertations/172
Mechanisms of Astrocytic Calcium Wave Propagation and In Vitro
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Abstract
It has been estimated that traumatic brain injury (TBI) costs the U.S. economy over $60 billion a year, with
over 5.3 million people suffering some level of long term effects. Despite these figures, no effective
pharmacological treatment has been successfully developed to help patients recover from TBI. A more
complete understanding of both the immediate cellular reactions to injury and the longer-term responses may
present new strategies for reducing damage and promoting repair. In this dissertation we first examine the
ability for astrocytes to modulate the mechanisms of calcium wave propagation in response to increasing
degrees of injury. As injury magnitude increases, the complexity of the calcium wave that is transmitted to
surrounding uninjured regions also increases. At very mild levels of stretch calcium waves are primarily
transmitted through extracellular ATP. As the level of stretch increases, gap junction communication and
metabotropic glutamate receptor activation can be detected. The interaction between these three signaling
pathways may transmit information about the severity of injury to surrounding astrocytes and may mediate
immediate cellular responses. We also observe that the mechanical properties of cultured astrocytes are
altered 24 hours after injury. Rapid stretch induces a decrease in the apparent Young’s modulus on non-
nuclear regions of astrocytes, indicating that the cells are softer and more compliant. This change is associated
with an upregulation of GFAP, which is a common marker for reactive gliosis. Finally, we investigate the
interaction between glutamatergic and purinergic signaling in mediating cell death in hippocampal slices 24
hours following mechanical injury. Within the CA3 region of the hippocampus there is a significant increase
in cell death after stretch-injury that can be attenuated by inhibiting the activity of the glutamatergic N-methyl
D-aspartate (NMDA) receptors. Alternatively, blocking the activity of P2Y1 receptors is effective in limiting
cell death. Our studies suggest that there is a high probability that P2Y1 receptor activity on astrocytes is
responsible for inducing the over-excitation of extrasynaptic NMDA receptors, which is responsible for a
major component of the observed cell death. Further studies into this pathway may lead to new approaches
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MECHANISMS OF ASTROCYTIC CALCIUM WAVE PROPAGATION AND IN 
VITRO HIPPOCAMPAL CELL DEATH ARE DETERMINED BY THE 
MAGNITUDE OF MECHNICAL INJURY 
 
William J. Miller 
David F. Meaney 
 
It has been estimated that traumatic brain injury (TBI) costs the U.S. economy 
over $60 billion a year, with over 5.3 million people suffering some level of long term 
effects.  Despite these figures, no effective pharmacological treatment has been 
successfully developed to help patients recover from TBI.  A more complete 
understanding of both the immediate cellular reactions to injury and the longer-term 
responses may present new strategies for reducing damage and promoting repair.  In this 
dissertation we first examine the ability for astrocytes to modulate the mechanisms of 
calcium wave propagation in response to increasing degrees of injury.  As injury 
magnitude increases, the complexity of the calcium wave that is transmitted to 
surrounding uninjured regions also increases.  At very mild levels of stretch calcium 
waves are primarily transmitted through extracellular ATP.  As the level of stretch 
increases, gap junction communication and metabotropic glutamate receptor activation 
can be detected.  The interaction between these three signaling pathways may transmit 
information about the severity of injury to surrounding astrocytes and may mediate 
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immediate cellular responses.  We also observe that the mechanical properties of cultured 
astrocytes are altered 24 hours after injury.  Rapid stretch induces a decrease in the 
apparent Young’s modulus on non-nuclear regions of astrocytes, indicating that the cells 
are softer and more compliant.  This change is associated with an upregulation of GFAP, 
which is a common marker for reactive gliosis.  Finally, we investigate the interaction 
between glutamatergic and purinergic signaling in mediating cell death in hippocampal 
slices 24 hours following mechanical injury.  Within the CA3 region of the hippocampus 
there is a significant increase in cell death after stretch-injury that can be attenuated by 
inhibiting the activity of the glutamatergic N-methyl D-aspartate (NMDA) receptors.  
Alternatively, blocking the activity of P2Y1 receptors is effective in limiting cell death.  
Our studies suggest that there is a high probability that P2Y1 receptor activity on 
astrocytes is responsible for inducing the over-excitation of extrasynaptic NMDA 
receptors, which is responsible for a major component of the observed cell death.  Further 
studies into this pathway may lead to new approaches for pharmacological therapies after 
TBI.
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Chapter 1: Background and Significance 
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1.1 Introduction 
 Approximately 1.4 million people sustain a traumatic brain injury (TBI) in the 
United States every year.  Of this number, about 50,000 people suffer fatal injuries and 
235,000 are hospitalized, including over 2,600 deaths and 37,000 hospitalizations of 
children under the age of 14 (Langlois et al. 2004).  According to the CDC, 5.3 million 
Americans suffer some level of long-term disability as a result of a TBI, with an 
estimated net economic cost to the US of $60 billion per year, including medical costs 
and lost productivity (Finkelstein et al. 2006).  Since the highest risk age groups are 0-4 
and 15-19 years old, a serious injury to the central nervous system can result in decades 
of disability and suffering for those afflicted (Langlois et al. 2004).  Despite years of 
research and effort, no effective pharmacological intervention has emerged to help 
mitigate the short or long-term effects of TBI (Royo et al. 2003).   
 The most common causes of TBI are impacts and inertial loading, often 
experienced during falls or motor vehicle accidents (Langlois et al. 2004).  The primary 
types of injury can be generally separated into focal injuries, such as contusions and 
hemorrhaging, and diffuse injuries, which are seen in concussion and in diffuse axonal 
injury.  As a rule, diffuse injuries are caused by inertial loading, such as sudden 
acceleration/deceleration in a car accident, while focal injuries are caused by impact 
(Gennarelli 1993; McIntosh et al. 1996).  Serious TBI is followed by necrotic and 
apoptotic cell death throughout the brain tissue, along with axonal degeneration in the 
white matter (Dietrich et al. 1994; Hicks et al. 1996; Sutton et al. 1993).  Often this is 
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followed by a chronic neuronal death in which secondary processes increase the overall 
magnitude of the injury (Dietrich et al. 1994; Hicks et al. 1996; Raghupathi et al. 2000; 
Sato et al. 2001; Zhao et al. 2003).  Astrocytes can respond to CNS injury by undergoing 
reactive gliosis, which is characterized by cellular swelling, increased process number 
and length, increase in glial fibrillary acidic protein (GFAP) content, and, in some cases, 
migration to the site of injury (Fawcett and Asher 1999; Fitch et al. 1999; Norton 1999; 
Yong 1998).  Several days after injury nearby reactive astrocytes can begin to form a 
glial scar around the site of injury.  This glial scar is a dense collection of cells, primarily 
composed of astrocytes, oligodendrocytes, and  microglia, as well as cellular debris and 
extracellular matrix molecules that wall off the site of injury from the rest of the brain 
and might serve to minimize further spread of cell death (Faulkner et al. 2004; McKeon 
et al. 1999).  However, the scar also has the effect of inhibiting neuronal and axonal 
regeneration (Fawcett and Asher 1999; Fitch et al. 1999; Yong 1998).   
The exact processes involved in stimulated astrocyte reactivity and subsequent 
scarring is still not completely understood.  Likewise, the mechanisms behind prolonged 
cell death after TBI have not been fully explained.  The major themes of this thesis are to 
investigate how mechanically injured cultured astrocytes can transmit information about 
the severity of strain to the surrounding, uninjured astrocyte network by modulating 
calcium wave signaling and to examine how mechanical injury to organotypic 
hippocampal slices triggers astrocyte-mediated NMDA receptor-dependent cell death.  In 
the remainder of this chapter we will review the major themes of this thesis. 
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1.2 Calcium Waves 
 A calcium wave is the standard communication mechanism used by astrocytes 
after acute stimulation.  Calcium waves are defined as increases in cytosolic free calcium 
concentrations that propagate from the site of stimulation to surrounding cells.  Calcium 
waves have been observed in cultured astrocytes after stimulation by various methods, 
including application of glutamate (Blomstrand et al. 1999b; Charles et al. 1991; 
Innocenti et al. 2000), ATP (Bennett et al. 2006; Coco et al. 2003; Cotrina et al. 2000; 
Guthrie et al. 1999; Newman 2001; Venance et al. 1997), endothelin-1 (Venance et al. 
1997), noradrenaline (Tordjmann et al. 1997), 5-hydroxytryptamine (Blomstrand et al. 
1999b), and mechanical stimulation by poking with a pipette tip (Charles et al. 1991; 
Muyderman et al. 1998; Newman 2001; Venance et al. 1997).  However, the mechanism 
of calcium wave propagation from the stimulated cell to adjacent regions has generally 
been identified to be from two potential pathways: 1) through the release of ATP and the 
autocrine/paracrine activation of P2 purinergic receptors (Coco et al. 2003; Cotrina et al. 
2000; Guthrie et al. 1999; Venance et al. 1997), and/or 2) through the diffusion of inositol 
1,4,5-trisphosphate (IP3) through open gap junctions that connect adjacent astrocytes 
(Blomstrand et al. 1999a; Charles 1998; Giaume and Venance 1998; Scemes 2000; 
Yamane et al. 2002).  The exact interplay between the two mechanisms seems to depend 
on culture conditions and the stimulating event  (Scemes 2000; Scemes et al. 2000).   
During ATP-mediated calcium wave propagation, ATP released from the 
stimulated cell binds to G-protein-coupled P2Y purinergic receptors and activates 
phospholipase C (PLC), leading to the hydrolysis of phosphatidylinositol (4,5)-
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bisphosphate (PIP2) into IP3 and diacyl glycerol (DAG).  IP3 can then activate IP3 
receptors on the endoplasmic reticulum (ER), which releases calcium into the cytosol 
(Clapham 1995).  At the same time, ionotropic P2X receptors can open upon stimulation 
by ATP and allow calcium to enter the cytosol directly from the extracellular space, 
although this has not been shown to be a major pathway of calcium entry during calcium 
wave activity (Verkhratsky and Steinhauser 2000).  Astrocytes undergo ATP-induced 
ATP release, which can occur in both a calcium-dependent or calcium-independent 
manner (Anderson et al. 2004; Bodin and Burnstock 1996; Haas et al. 2006; Stout et al. 
2002; Suadicani et al. 2006).  This release allows for a regenerating source of 
extracellular ATP to propagate a wave of calcium increases significant distances from the 
site of stimulation.  
In gap junction-mediated calcium wave propagation, the increase in IP3 
concentration caused by the initial stimulation is transmitted to surrounding cells via 
diffusion through open gap junctions (Scemes and Giaume 2006).  Astrocytes are 
extensively coupled by gap junctions, which are generally considered to be non-selective 
channels permeable to molecules under 1kDa in size (Kumar and Gilula 1996; Nagy and 
Rash 2000).   An appropriate stimulus in the initiating cell evokes an acute rise in IP3 
production which diffuses into neighboring cells through open gap junction channels and 
activates IP3 receptors on the ER of the neighboring cell.  This results in calcium release 
from intracellular stores and the production of more IP3, leading to increased diffusion 
into neighboring cells (Giaume and Venance 1998; Sanderson et al. 1994).  Experiments 
on glioma cells show that the expression of connexin-43, the major gap junction protein 
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in astrocytes, is directly related to the extent of calcium wave propagation (Blomstrand et 
al. 1999a).  In addition, gap junction blockers have effectively prevented calcium wave 
propagation in several experimental models (Venance et al. 1997; Yamane et al. 2002).  
In this thesis we investigate how stretch-induced injury can initiate calcium waves that 
propagate into the nearby, unstretched region – the ‘mechanical penumbra’ – and how 
astrocytic calcium wave signaling is modulated depending on the severity of strain used 
to initiate the injury.   
1.3 ATP and P2 purinergic receptors  
 A greater appreciation has been developing for the importance of ATP signaling 
in physiological and pathological brain function.  As mentioned above, extracellular ATP 
activates the P2 purinergic family of receptors (Fields and Burnstock 2006).  There are 
two major groups of P2 receptors: P2X, which are ion channels, and P2Y, which are 
metabotropic G-protein coupled receptors (Araque et al. 2001).  ATP is released in large 
quantities after a TBI (Hansson and Ronnback 2003), which makes this molecule a major 
potential target for explaining the pathological responses in the brain.  The mechanism of 
release is still not completely understood and may be different in each cell type.  ATP can 
be released from astrocytes and from neurons presynaptically or postsynaptically (Fields 
and Burnstock 2006).  ATP has been found in vesicles that are released in a calcium-
dependent manner (Fields and Burnstock 2006), and has been shown to be released 
through connexin hemichannels (Leybaert et al. 2003) or through the large pores formed 
during activation of the P2X7 receptor (Suadicani et al. 2006).  ATP is also released in 
large quantities when cells are ruptured mechanically or during necrotic cell death 
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(Hansson and Ronnback 2003).  In physiological conditions extracellular ATP is quickly 
degraded to adenosine by ectonucleotidases, but the activity of these enzymes may be 
inhibited in pathological conditions (Franke et al. 2006). 
 Extracellular ATP can have a large number of sometimes conflicting effects on 
neurons during normal function.  For example, P2X receptors acting postsynaptically can 
contribute to excitatory synaptic transmission (Duan and Neary 2006).  Likewise, P2X 
receptors acting presynaptically can increase the probability of vesicular release of 
glutamate (Franke et al. 2006; North and Verkhratsky 2006).  Conversely, P2Y receptors 
generally act in an inhibitory manner on neurons.  For instance, ATP acting on P2Y 
receptors in the CA1 region reduces the probability of vesicle release (Fields and 
Burnstock 2006; Hussl and Boehm 2006; North and Verkhratsky 2006).  Indirectly, P2Y 
receptors are inhibitory in the hippocampus by being excitatory on inhibitory 
interneurons (Kawamura et al. 2004).  Likewise, the breakdown product of ATP, 
adenosine, is an inhibitory signal for most neurons (Pascual et al. 2005).  In fact, 
astrocytes in some brain regions act to inhibit nearby neurons by releasing ATP, which is 
converted to adenosine and reduces activity (Fellin et al. 2006a; Newman 2003; Pascual 
et al. 2005).  
 As mentioned in the previous section, extracellular ATP can activate calcium 
responses from astrocytes and is the primary signaling molecule in astrocyte 
communication (North and Verkhratsky 2006).  In addition, ATP is involved in 
mediating the release of neurotransmitters through several different signaling 
mechanisms (Montana et al. 2004).  ATP activation of P2X7 receptors, which are found 
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in large numbers on astrocytes, can lead to the release of glutamate (Duan et al. 2003; 
Fellin et al. 2006b; Franke et al. 2006).  In addition, the activation of several P2Y 
receptors, and, specifically, the P2Y1 receptor, can cause the release of glutamate from 
astrocytic vesicles in a PLC-mediated calcium-dependent manner (Domercq et al. 2006; 
Wirkner et al. 2006; Wirkner et al. 2002).  ATP activation on astrocytes can also cause 
the release of addition ATP, as mentioned above (Anderson et al. 2004; Wang et al. 
2000).  In this way, astrocyte activation can have a direct affect on neuronal signaling 
pathways.   
 ATP may also be important in mediating the longer-term consequences of TBI 
and neurodegenerative diseases.  Antagonists to P2 receptors are protective against cell 
death in hypoxia (Cavaliere et al. 2001; Fields and Burnstock 2006; Franke et al. 2006; 
Runden-Pran et al. 2005), ischemia (Chorna et al. 2004; Franke et al. 2006; Lammer et al. 
2006), seizure (Franke et al. 2006), and TBI (Chorna et al. 2004; Franke et al. 2006; 
Neary and Kang 2005).  ATP can be excitotoxic to neurons in culture, both directly 
(Fields and Burnstock 2006; Franke et al. 2006; Hussl and Boehm 2006) and by causing 
the release of excessive glutamate (Franke et al. 2006).  Additionally, ATP stimulation of 
cultured astrocytes initiates ERK signaling, proliferation, stellation, GFAP upregulation, 
and other characteristics of reactive gliosis (Brambilla et al. 2002; Fields and Burnstock 
2006; Franke et al. 2001; King et al. 1996; Neary et al. 2003).  As a part of this thesis, we 
investigate the role ATP plays immediately after mechanical injury by looking at how 
ATP contributes to the propagation of calcium waves in astrocytes.  We also examine 
how ATP participates in mediating cell death in organotypic hippocampal slice cultures 
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24 hours after mechanical injury.  These studies will show that ATP is a critical 
component of the injury response in the brain and that P2 receptor antagonists may be a 
target for pharmacological therapies after TBI. 
1.4 Activation of the NMDA Receptor as a Mediator of Cell 
Death 
There is abundant evidence that activation of  N-methyl-D-aspartate receptors 
(NMDARs) mediate cell death after brain injury and that antagonism of NMDARs is 
protective (Bullock and Fujisawa 1992; Dempsey et al. 2000; LaPlaca and Thibault 1998; 
Rao et al. 2001; Regan and Choi 1994; Shapira et al. 1990; Wang and Shuaib 2005).  
NMDARs are heterotetromeric ionotropic glutamate receptors that are particularly 
permeable to calcium ion flux (Loftis and Janowsky 2003).  The receptor is composed of 
two NR1 subunits and two NR2 subunits.  There are several subtypes of NR2 subunits, 
and it is generally found that the specific type of NR2 subunit is responsible for the 
cellular location and heterogeneous functions of the NMDARs (Loftis and Janowsky 
2003).  During physiological activity, the NMDAR is activated by the concurrent binding 
of glutamate and depolarization of the membrane, which releases Mg2+ from the ion pore 
and allows calcium flux (Scatton 1993).  However, after mechanical injury the receptor 
has been shown to lose the Mg2+ block, allowing for activation by glutamate binding 
alone and potentially leading to excitotoxic cell death (Zhang et al. 1996).   
Interestingly, there is some pharmacological evidence suggesting that activation 
of different subtypes of the NMDAR lead to opposing cellular fates.  Activation of 
NR2A-containing NMDARs along with blockade of N2B-containing NMDARs has been 
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associated with cell survival in some injury and disease models, while the reverse has 
been associated with cell death (Arundine and Tymianski 2004; Chazot 2004).  However, 
the segregation of NR2A and NR2B receptor function in cell death is not undisputed, 
with some evidence that either NMDAR can result in cell death in conditions of 
overexcitation (Borsello et al. 2003; Sattler et al. 1998; Sattler et al. 2000), and the real 
difference in the cell death capacity of the NMDAR is determined by the location of the 
excitotoxic glutamate release (Sattler et al. 2000).  While it is generally assumed that the 
majority of glutamate at the synapse is released from the presynaptic terminal, the source 
of glutamate that activates the extrasynaptic NR2B-containing NMDARs is not currently 
well characterized, although spill-over from the synapse (Rao et al. 1998; Selkirk et al. 
2005), reversal of glutamate transporters (Kawahara et al. 2002; Rossi et al. 2000), and 
release from glial glutamate stores (Fellin and Haydon 2005) have been proposed as 
possibilities.   
As mentioned above, astrocytes possess the cellular machinery for glutamate 
release (Anlauf and Derouiche 2005; Araque et al. 2000; Montana et al. 2004; Zhang et 
al. 2004a; Zhang et al. 2004b) and are uniquely positioned for activation of extrasynaptic 
NMDARs.  Astrocytes enwrap a large number of synapses and can respond to neuronal 
signaling with intracellular calcium increases (Araque et al. 2001).  These calcium 
increases can lead to regulated release of neurotransmitters like glutamate (Montana et al. 
2004).  Several recent studies have shown that astrocytes can release glutamate to 
specifically activate extrasynaptic NMDARs and cause a slow inward current (Angulo et 
al. 2004; Fellin et al. 2004; Fellin et al. 2006b).  The role of this astrocyte release 
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mechanism is still not completely understood, although the effects of astrocyte-mediated 
extrasynaptic NMDAR activation has been shown to synchronize neuronal activity 
(Angulo et al. 2004; Fellin et al. 2004; Fellin et al. 2006a).  In this dissertation we will 
investigate the possibility that a major source of extrasynaptic glutamate after traumatic 
injury is released from nearby astrocytes and that this glutamate is responsible for 
increased cell death in organotypic hippocampal slice cultures 24 hours after injury.  
1.5 Summary of Following Chapters 
The contents of the remainder of this thesis are as follows: 
 
Chapter 2: We investigate how astrocytes regulate the propagation of calcium waves into 
the penumbra of a mechanical injury.  We show that ATP released by mechanically 
stimulated astrocytes at three different strain magnitudes is the primary mediator of 
calcium waves that propagate into unstretched regions (penumbra) of the cultures.  We 
also show that gap junctions are involved in propagating calcium waves after only the 
moderate strain magnitude, and that glutamate may be involved in calcium waves at the 
highest strain investigated.  These results indicate that astrocytes are able to modulate 
calcium wave communication in response to varying levels of mechanical injury. 
 
Chapter 3: We describe the changes in mechanical properties in astrocytes 24 hours 
following mechanical injury.  Certain regions of astrocytes undergo a significant decrease 
in stiffness as measured by indentation with an atomic force microscope.  This result is 
found both in injured cells and cells in the penumbra of the injury.  Correlated with this 
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softening is an increase in GFAP immunoreactivity, indicating that these astrocytes are 
undergoing some level of reactive gliosis. 
 
Chapter 4: We investigate the signaling pathways that lead to cell death 24 hours 
following mechanical injury to organotypic hippocampal slice cultures.  At the threshold 
of mechanical injury we find that only extrasynaptic NMDARs are involved in cell death, 
while synaptic NMDARs are involved at higher levels of injury.  We also find that 
astrocytic calcium is involved in mediating NMDAR-dependent cell death, and the 
antagonism of P2Y1 receptors is effective in limited cell death. 
 
Chapter 5: We conclude with a discussion of problems, potential improvements, and 
some future directions to the current work presented in this thesis.
Chapter 2: Astrocytes Modulate Mechanisms of 
Calcium Wave Propagation in Response to the Severity 
of Mechanical Injury 
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2.1 ABSTRACT 
We investigated the mechanisms by which cultured rat cortical astrocytes 
subjected to stretch-induced injury initiate calcium waves that propagated to surrounding 
regions (the mechanical penumbra) and whether the calcium transients in the stretched 
and penumbra cells resulted in increased in ERK activation.  Astrocytes were cultured on 
elastic membranes and a sub-region of the membrane was subjected to a transient strain 
of 5%, 15%, or 25%, mimicking the strains experienced during mild-to-moderate 
traumatic brain injury.  With this method, a single culture contained a region of stretched 
cells surrounded by a penumbra of unstretched cells.  Immediately after the stretch, 
robust calcium wave propagation was detected in the penumbra in 76% (25/33) of 
cultures subjected to a 5% strain, and 100% of cultures subjected to a 15% or 25% strain 
(28/28 and 24/24 cultures, respectively), as measured by fura-2 AM.  Despite this intense 
activity in the penumbra, less than half of astrocytes in the stretched region of cultures 
experienced significant calcium increases.  Calcium waves produced by a 5% stretch 
were completely inhibited by blockade of P2 purinergic receptor activation.  After a 15%, 
stretch a combination of gap junction blockers and P2 receptor blockers was effective in 
eliminating calcium wave propagation.  Gap junction blockers were completely 
ineffective in altering wave dynamics after 25% stretch, while P2 receptor blockers were 
only partially effective.  Group I metabotropic glutamate receptor antagonists were also 
effective in reducing the calcium transients seen in calcium waves initiated by a 25% 
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stretch.  Astroctyes in the stretched region of the cultures exhibited a significant strain-
dependent increase in phosphorylated ERK 15 minutes after 15% and 25% stretch 
magnitudes.  However, in the penumbra, cells showed no significant increase in 
phosphorylated ERK.  These findings show that while extracellular ATP is the primary 
mechanism of calcium wave propagation at all stretch levels, astrocytes can modulate the 
components of the calcium wave signal in response to different levels of mechanical 
strain, and that robust calcium waves in the penumbra of injury are largely independent 
of calcium increases in the stretched region.   
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2.2 INTRODUCTION 
Approximately 1.4 million people sustain a traumatic brain injury (TBI) in the 
United States each year, leading to 50,000 deaths and 235,000 hospitalizations (Langlois 
et al. 2004).  According to the CDC, 5.3 million Americans currently suffer with some 
degree of long-term disability as a result of a TBI, with an estimated net economic cost to 
the U.S. of $60 billion per year (Finkelstein et al. 2006).  There has been a growing 
appreciation of how even mild head trauma can lead to serious cognitive and functional 
deficits and dysfunction (Tashlykov et al. 2007).  The mechanisms that regulate the 
cellular responses in the brain following mild injury, however, are poorly understood.   
During a traumatic injury the brain experiences a complex pattern of deformations 
that results in localized regions of high strain and damage (Miller et al. 1998; Shreiber et 
al. 1997).  In some cases, astrocytes in the surrounding tissue undergo reactive gliosis, a 
process which includes increased process stellation, proliferation, and production of 
extracellular matrix molecules that are inhibitory to neuronal regeneration (Nieto-
Sampedro 1999; Pekny and Nilsson 2005; Sandvig et al. 2004; Wu and Schwartz 1998; 
Yiu and He 2006).  Studies show that astrocyte-based changes after traumatic and 
neurodegenerative injury can profoundly affect neuronal function and recovery (Myer et 
al. 2006; Panickar and Norenberg 2005; Sofroniew 2005; Trendelenburg and Dirnagl 
2005).  Therefore, understanding how astrocytes signal to each other after mechanical 
injury and how these signals affect astrocytic and neuronal function may lead to 
strategies that can mitigate the long-term effects of TBI.  
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Both neurons and astrocytes show immediate pathophysiological changes in 
response to mechanical strains that mimic TBI (Ellis et al. 1995; Floyd et al. 2005; 
Rzigalinski et al. 1997; Weber et al. 2001; Wolf et al. 2001; Zhang et al. 1996).  Much 
less, though, is known about how cells surrounding deformed regions in the brain – i.e., 
the ‘mechanical penumbra’ – respond to signals triggered by mechanically injured 
neurons and glia.  In vitro, mechanical stimulation of a single astrocyte with a glass 
pipette tip can lead to the outward propagation of intercellular calcium waves, a process 
that can extend well beyond the initial focus of simulation (Charles et al. 1991; Cornell-
Bell and Finkbeiner 1991; Scemes and Giaume 2006). The consequences of these 
astrocytic-based calcium waves are only beginning to be understood, as some studies 
point to their role in neuromodulation (Charles 2005; Scemes and Giaume 2006), while 
others study point to their potential role in diseases such as epilepsy (Nadkarni and Jung 
2003; Tashiro et al. 2002; Tian et al. 2005).  Studies primarily implicate the participation 
of two mechanisms for astrocytic calcium waves: IP3 diffusion through open gap 
junctions (Giaume and Venance 1998; Sanderson et al. 1994; Scemes 2000; Yamane et 
al. 2002), and the release of ATP resulting in the activation of P2 purinergic receptors in 
an autocrine/paracrine fashion (Cotrina et al. 2000; Cotrina et al. 1998; Guthrie et al. 
1999; Venance et al. 1997).  The interaction between these two mechanisms depends on 
developmental stage, brain region, and gap junction channel and/or purinergic receptor 
expression (Giaume and Venance 1998; Suadicani et al. 2004). Remarkably little, though, 
is known about how intercellular calcium waves are initiated and propagated under the 
mechanical conditions of TBI.  Given the potential role that astrocytes can play in 
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neuronal signaling and the ability of calcium waves to spread long distances through the 
injured brain, the onset of calcium waves in astrocytes may play an important role in the 
pattern and severity of injury following TBI.   
In addition to being a mediator of calcium wave communication in astrocytes, 
ATP can have other important effects on the injured brain.  Several studies show that 
exogenous ATP is capable of initiating reactive gliosis in astrocytes (Abbracchio and 
Verderio 2006; Brambilla et al. 2002; Neary and Kang 2005).  Moreover, application of 
ATP and P2 purinergic receptor agonists in vitro induce process stellation, proliferation, 
and up-regulation of GFAP, demonstrating that ATP can act as a pro-gliotic factor 
(Abbracchio et al. 1996; Bolego et al. 1997; Franke et al. 1999; Neary et al. 1996).  ATP 
application also induces ERK phosphorylation, which has been associated with astrocyte 
gliosis in several models (Lenz et al. 2000; Munsch et al. 1998; Neary et al. 1999; Neary 
et al. 2003; Neary et al. 1998).  In studies linking ATP and ERK activation in 
mechanically injured astrocytes, recent reports show that traumatic injury will activate 
ERK via both ionic (P2X) and metabotropic (P2Y) purine receptors (Neary et al. 2003), 
indicating the complex mechanisms that can be activated with a single physical stimulus.  
In this study, we investigated how calcium waves propagate in astrocyte cultures 
after a rapid, transient strain that simulates mild TBI.  We focused our investigation 
primarily on the mechanical penumbra – the region immediately adjacent to the area of 
stretch – since very little is known on how intercellular calcium signaling is regulated in 
this region after TBI in vitro. We found that calcium waves propagated from the injury 
into the penumbra after even the mildest strains, and that the mechanism of propagation 
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was dependent on the applied strain.  Activation of P2 purinergic receptors by 
extracellular ATP was the primary contributor to calcium waves in the penumbra at all 
stretch levels, while gap junction communication significantly participated in propagating 
waves in the penumbra only after moderate strains.  Evidence of activation of 
metabotropic glutamate receptors was detected after the highest strains.  These data 
suggest that stretched astrocytes are capable of transmitting information about the 
severity of injury to the surrounding cells, allowing the surrounding, uninjured cells to 
modulate their responses depending on the level of strain experienced.  
Chapter 2  Injury-Induced Calcium Waves in Astrocytes 
  18 
2.3 MATERIALS AND METHODS 
2.3.1 Cell Culture 
 Pure cortical astrocyte cultures were generated from E18 Sprague-Dawley rat 
embryos (Charles River Laboratories).  All procedures adhered strictly to the animal 
welfare guidelines established by the University of Pennsylvania’s Institutional Animal 
Care and Use Committee.  Embryos were removed from a pregnant rat anesthetized with 
CO2 and euthanized by cervical dislocation.  Brains were dissected from the embryos and 
the meninges were removed.  The cortices were dissected and dissociated by incubating 
in Neurobasal media (Invitrogen) with trypsin (0.3mg/mL, Sigma) + DNAse I 
(0.2mg/mL, Amersham Biosciences) at 37°C, 5% CO2.  Enzymatic activity was inhibited 
after 20 minutes by adding soybean trypsin inhibitor (.5mg/ml, Gibco).  The tissue was 
mechanically disrupted by pipetting, then centrifuged for 5 minutes at 1000 rpm and 
resuspended in DMEM (Cambrex) + 5% FBS (Hyclone).  Cells were filtered sequentially 
through a 60µm and 28µm Nitex Mesh (Cross Wire Cloth & Manufacturing Co.) and 
plated onto PLL-treated (Sigma) T75 tissue culture flasks (Fischer Scientific, Inc.) at a 
concentration of 1 x 105 cells/ml.  Media was changed every 3-4 days. 
At 13 days in vitro (DIV) cells were placed on an orbital shaker and shaken at 250 
rpm overnight at 37°C, 5% CO2 to remove loosely adherent cells.  Flasks were rinsed 
with saline solution before adding 4 ml of trypsin/EDTA (0.25%, Invitrogen) for 2-3 
minutes at 37°C, and then mechanically disrupted to dislodge the cell layer from the flask 
surface.  DMEM + 5% FBS was added to inhibit enzymatic activity.  The cells were 
centrifuged for 5 minutes at 1000 rpm and resuspended in DMEM + 5% FBS.  The cell 
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suspension was diluted to 1x105 cells/ml and plated onto PLL-treated silicone-based 
elastic membranes (cured Sylgard 186:Sylgard 184 at a 7:4 mix, Dow Corning).  Media 
was changed at 24 hours and then every 3-4 days until use at 13-14 DIV, at which point 
cultures had reached confluency.  Cultures were determined to be >95% pure astrocytes 
by immunochemistry for GFAP (astrocytes), type-3 beta-tubulin (neurons), and CNPase 
(oligodendrocytes) counterstained with Hoechst 33342 (20µg/ml, Molecular Probes). 
2.3.2 Cell Stretch 
 The mechanical injury model used in this study applied a rapid, transient strain to 
a 2 mm x 18 mm rectangular region of the astrocyte culture surface (Figure 2.1A).  Past 
work showed the membrane strain causes a corresponding and proportional stretch of 
cells plated on the membrane (Lusardi et al. 2004).  The culture region surrounding the 
region of stretch-injured cells – the “penumbra” – experiences no mechanical 
deformation (Lusardi et al. 2004).  The duration (20ms) and magnitude of the strain (5-
25%) were controlled to simulate mild traumatic brain injury (Shreiber et al. 1997).  All 
confluent cultures were stretched once and either immediately used for calcium imaging 
or returned to the incubator.  A fused-silica plate beneath the unstretched region of the 
culture allowed fluorescent imaging of the cytosolic calcium levels in the penumbra 
astrocytes. The silica plate did not interfere with the sensitivity of the calcium imaging as 
control experiments with ATP showed that fura-2 ratio increases were indistinguishable 
between the stretched and penumbra regions.  Cell viability 24 hours after stretch was 
determined by adding propidium iodide (5µg/ml, Molecular Probes) and Hoechst 33342 
for 15 minutes before fixing with 4% paraformaldehyde to measure dead/dying cells and 
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total cells, respectively.   In a limited number of experiments, potential changes in cell 
membrane permeability to carboxyflourescein immediately following stretch was 
measured as described in Geddes-Klein et al (2006) (Geddes-Klein et al. 2006). 
2.3.3 Imaging 
Intracellular free calcium was measured using the ratiometric calcium dye fura-2 
AM (Molecular Probes).  Cultures were rinsed twice with saline solution and incubated 
with 5μM fura-2 AM for 50 minutes in the dark at room temperature.  Afterwards, the 
cultures were again rinsed with saline and incubated for 10 minutes in the dark at room 
temperature for ten minutes.  Pharmacological agents were added during the second rinse.  
The cultures were then mounted onto the microscope and subjected to injury, as 
described above. 
Fura-2 ratios were collected using a Hamamatsu C4742-98 camera and MetaFluor 
software (Universal Imaging, Inc.).  Baseline fura-2 ratios were collected every three 
seconds for one minute prior to stretch.  Cells were considered to be responding if the 
peak fura-2 ratio after stretch was greater than 50% higher than the average, pre-stretch 
baseline.  For comparison, typical standard deviations in baseline prior to stretch were 
approximately 2-3% of the average.  The distance calcium waves propagated into the 
penumbra was determined by measuring the distance from the edge of the stretched 
region to the farthest responding cell in the field of view within one minute after stretch.  
A typical calcium wave in the penumbra is shown in Figure 2.1C.  For analysis, cells 
were grouped into regions 75µm wide, starting at the edge of the stretched region, as 
shown in Figure 2.1B.   
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2.3.4 Western Blots 
 To study ERK activation, astrocyte cultures were prepared and injured as 
described above and then returned to the incubator.  At various time points (15 min, 30 
min, 2 hr, and 6 hr) after stretch the astrocytes were lysed in the following manner.  
Cultures were rinsed twice with saline solution and the stretched and penumbra regions 
were separated.  Ice cold lysis buffer (1mM EDTA, 150mM NaCl, 50mM Tris, 1 
Complete Mini Protease Inhibitor Cocktail tablet (1 tablet/10mL, Roche Diagnostics), 
1mM sodium orthovanadate) was added and the cells were scraped from the surface and 
mechanically disrupted.  The cells were then centrifuged (10,000 rpm) for 15 minutes at 
4°C and stored at -80°C.  Protein concentration was determined using a DC Protein 
Assay Kit (Bio-Rad) according to the manufacturer’s instructions. 
 For Western blotting, samples were thawed and heated to 75°C for 5 minutes after 
diluting 4:3 in NuPage LDS sample loading buffer (Invitrogen) and 3% β-
mercaptoethanol.  Equal quantities of protein (10µg) were added to 4-12% bis-tris gels 
(Invitrogen) and were resolved at 150V for 1.5 hours in 1x Running Buffer (Invitrogen).  
After gel electrophoresis, proteins were transferred onto polyvinylidene difluoride 
(PVDF) membranes (Invitrogen) for 12 hours at 10V in 1x Transfer Buffer (Invitrogen) 
containing 20% methanol.  Membranes were blocked for 1 hr in a 5% dry milk solution 
containing 2mM Tris-HCl, 1.5mM NaCl, 0.1% Tween-20, and then incubated overnight 
at 4°C in primary antibody for phosphorylated ERK (1:500, clone 197G2, Cell Signaling 
Technology, Inc.).  Membranes were then incubated for 2 hours at room temperature with 
horseradish peroxidase-conjugated anti-rabbit secondary (1:1000, Jackson Immuno-
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Research).  Enhanced chemiluminescence (Perkin Elmer) reagents were used to visualize 
the immunoreactivity on an X-ray film.  Protein bands were quantified using Kodak 1D 
Image Analysis Software (Eastman Kodak Co.).  The membranes were then stripped and 
re-probed using antibodies against ERK (Promega, 1:1000) and anti-rabbit secondary 
(1:3000), and then stripped and re-probed using antibodies against actin (Chemicon, 
1:10,000) 
2.3.5 Luciferin-luciferase Assay 
Extracellular ATP was detected using the luciferin-luciferase reaction. Astrocytes were 
incubated in 0.5 mL of saline containing 140µg/ml firefly luciferase (L-1759, Sigma) and 
100µg D-luciferin sodium salt (L-6882,Sigma). Luminescence detection was performed 
using a 40x objective attached to an upright microscope equipped with a photon counting 
intensified charge-coupled device camera (C2400-35). Photon counts were streamed to 
disk at a frequency of 30Hz and integrated after acquisition. Values reported are 
integrated counts per 3 seconds normalized to the average baseline values for the 15 
seconds prior to injury. 
2.3.6 Statistics 
Data are reported as mean ± standard error and analyzed by ANOVA followed by 
post-hoc analysis using Tukey’s HSD test for unequal n.  Fura data was transformed 
using a log transform to homogenize the variance.  Data was considered significant at p < 
0.05. 
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2.4 RESULTS 
2.4.1 Mild stretch evokes intracellular free calcium increases in a subset of 
astrocytes 
We first measured the intracellular free calcium response in the stretched region 
of cultures.  An increase in intracellular calcium was detected after even the mildest 
stretch of 5%, leading to calcium increases of greater than 50% of pre-stretch baseline in 
28 ± 11% of cells (mean ± SE, Figure 2.2A), with an average fura-2 ratio after stretch of 
1.4 ± 0.4 (Figure 2.2B).  Increasing the strain to 15% led to 35 ± 17% of cells responding 
> 50% of baseline (Figure 2.2A), with an average fura-2 response of 2.9 ± 1.1 (Figure 
2.2B).  The highest strain of 25% evoked calcium responses in 46 ± 22% of cells (Figure 
2.2A), with a fura-2 ratio of 1.6 ± 0.6 (Figure 2.2B).  No significant change in viability 
was observed 24 hours after any stretch, as measured by propidium iodide uptake (data 
not shown).  Likewise, no change in cell membrane permeability was detected 
immediately after stretch, based on measurement of carboxyflourescein uptake 
immediately following stretch (data not shown) (Geddes-Klein et al. 2006).  These data 
confirm that our mild stretch model can evoke a calcium response in stretched cells and 
that none of the stretch levels induce an immediate change in membrane permeability that 
could explain this increase in calcium.  However, at all tested stretch levels there is a 
significant degree of heterogeneity in the response of these the stretched astrocytes, with 
a large number of cells exhibiting no calcium response to mild (5%) stretch. 
2.4.2 Rapid stretch of astrocytes produces intercellular calcium waves in the 
penumbra 
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Given the variable levels of calcium response among cells in the stretched region 
it was surprising to observe that this stimulus resulted in robust calcium waves that 
quickly propagated outward into the penumbra.  Waves were stimulated in the penumbra 
in 76% (25/33) of cultures that were subjected to a 5% stretch, while stretches of 15% 
and 25% stimulated calcium waves in 100% (28/28 and 24/24, respectively) of cultures.  
The percentage of cells responding in the wave depended on the magnitude of stretch and 
distance from the region of stretch.  After a 5% stretch 59 ± 8% of cells within 75µm of 
the stretched region  responded with an increase of fura-2 ratio > 50% of baseline, while 
99.4 ± 0.3% and 100% of cells responded after a 15% or 25% stretch, respectively 
(Figure 2.3A).  By comparison, less than 2% of astrocytes in control cultures had fura-2 
ratio increases > 50% of baseline.  The percentage of cells responding decreased with 
distance from the stretch region, with 44 ± 8% of cells responding in the farthest region 
(375µm) after 5%, 71 ± 7% after 15%, and 79 ± 7% after 25% (Figure 2.3A). 
The peak calcium increase in the penumbra was proportional to the magnitude of 
the applied stretch.  The peak fura-2 ratio in cells that responded to the calcium wave was 
lowest in cultures subjected to a 5% stretch, with an average of 2.7 ± 0.4 within 75µm of 
the penumbra.  The fura-2 ratio dropped to 2.0 ± 0.3 at 150µm, beyond which there was 
no further significant drop in fura-2 ratios (Figure 2.3B).  In cultures subjected to a 15% 
stretch the peak fura ratio 75µm into the penumbra was 4.3 ± 0.5 , while 25% stretch 
resulted in a peak fura ratio of 4.9 ± 0.4 (Figure 2.3B).  The fura ratio in 25%-stretched 
cultures remained significantly higher than in 5% or 15% cultures as the wave propagated 
farther into the penumbra.   These data indicate that the calcium wave in the penumbra is 
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dependent on the magnitude of the applied strain but is not directly related to the calcium 
response in the stretched cells. 
2.4.3 Extracellular ATP is released into the penumbra through an intracellular 
calcium-dependent mechanism  
 We next tested if mechanical injury led to an immediate increase in extracellular 
ATP in the penumbra region, given the role of ATP release in triggering intercellular 
waves from past studies (Scemes 2000).  Imaging extracellular ATP in the penumbra 
with a luciferin-luciferase assay revealed an immediate increase ATP levels after 25% 
stretch.  The concentration of extracellular ATP increased in untreated cultured for 
approximately one minute and then gradually decreased over the next 10 minutes (Figure 
2.4).  Similar to past reports, the rise in intracellular calcium was key for this stretch-
induced ATP release, as pretreatment with BAPTA-AM (100µM) dramatically reduced 
the peak ATP concentration in the penumbra after stretch but did not alter the rise or 
recovery times (Figure 2.4).  BAPTA-AM prevented calcium waves in the penumbra 
after stretch (data not shown), indicating that ATP release into the penumbra after stretch 
is transient and is largely dependent on intracellular calcium.  
2.4.4 Stretch-induced calcium waves in the penumbra are inhibited by P2 receptor 
antagonists after 5% stretch 
 The addition of suramin (100µM, Sigma) and pyridoxalphosphate-6-azophenyl-
2',4'-disulphonic acid (PPADS) (10µM, Sigma), antagonists of P2 purinergic receptors, as 
well as the extracellular ATP degrading enzyme apyrase (20U/mL, Sigma) were effective 
in nearly eliminating calcium waves in the penumbra of a 5% stretch experiment.  
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PPADS was most effective, significantly reducing the percentage of cells responding 
75µm into the penumbra from 58 ± 8% in untreated cultures to 13 ± 8% (Figure 2.5A, 
p<0.01).  PPADS almost completely eliminated the propagation 375µm into the 
penumbra after one minute, reducing the percentage of cells responding to 0.35 ± 0.35% 
(Figure 2.5A, p < 0.001 compared to untreated stretched controls).  Suramin and apyrase 
displayed a similar pattern of inhibition, but not to the same degree as PPADS, 
supporting the conclusion that this was a P2 receptor-related response.   
 Pretreatment with the gap junction blockers flufenamic acid (30µM, Sigma) and 
α-glycyrrhetinic acid (10µM, Sigma) caused a slight but statistically insignificant 
reduction in the percentage of cells responding to the calcium wave at every distance 
from the site of stretch.  Flufenamic acid and α-glycyrrhetinic acid reduced the 
percentage at 75µm to 43 ± 14% and 46 ± 14%, respectively, compared to 58 ± 8% in 
untreated cultures (Figure 2.5B).  The treatments were similarly effective at 375µm, with 
flufenamic acid and α-glycyrrhetinic acid reducing the response to 19 ± 11% and 23 ± 
14% compared to 44 ± 8% in controls.  The reductions with gap junction blockers did not 
reach the level of significance at any distance from the region of stretch. 
Applying flufenamic acid and PPADS together resulted in a significant reduction 
in the percentage of responding cells, with a nearly complete inhibition at distances 
greater than 150µm (Figure 2.5B).  However, the results were not significantly different 
than using PPADS alone, indicating that gap junction communication contributes little to 
calcium waves after the lowest level of stretch and that calcium waves following 5% 
stretch are primarily mediated by extracellular ATP. 
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2.4.5 Gap junctions and P2 receptors participate in calcium wave propagation after 
15% stretch 
 The mechanisms contributing to calcium waves in the penumbra were more 
complex after a 15% stretch-injury.  Although suramin, apyrase, and PPADS each 
significantly reduced the percentage of responding cells at distance greater than 75µm 
from the region of stretch, a high percentage of responding cells was observed 150µm 
from the stretch.  The most effective treatment, apyrase, reduced the percentage of 
responding cells from 99.4 ± 0.3% to 74 ± 11% at 75µm, and reduced the percentage 
from 71 ± 7% to 6 ± 3% at 375µm (Figure 2.6A).  While apyrase produced a nearly 
complete block of the wave at distances greater than 300µm, there was significant 
calcium wave activity closer the region of stretch, suggesting that calcium waves were 
being propagated via a non-P2 receptor associated mechanism. 
 Flufenamic acid and α-glycyrrhetinic acid also reduced the calcium wave, 
reaching significance 375µm into the penumbra.  Closer to the site of injury the effect 
was less pronounced, reducing the percentage of responding cells by 20-30% (Figure 
2.6B).  Combining flufenamic acid with PPADS was effective in almost completely 
inhibiting the calcium wave caused by a 15% stretch, and was more effective than 
PPADS or flufenamic acid alone, particularly closest to the stretched region (75µm and 
150µm).  PPADS alone resulted in a response of 71 ± 11% at 75µm, while flufenamic 
acid alone resulted in a response of 77 ± 13%.  When the two treatments were used 
together the response rate was reduced to 32 ± 11% (Figure 2.6B, p < 0.001 compared to 
untreated).  We conclude that the double block produces a nearly complete inhibition of 
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the calcium wave, indicating that both extracellular ATP and gap junctions are 
responsible for transmitting the wave after 15% stretch. 
2.4.6 Calcium wave propagation after 25% stretch is not dependent on gap junction 
pathway 
 Calcium waves were detected in the penumbra of every culture (24/24) subjected 
to a 25% stretch, as noted above.  Based on the observations made after 5% and 15% 
stretches, we assumed that the mechanism of action at this stretch level would involve 
gap junctions and extracellular ATP.  Accordingly, apyrase, suramin, and PPADS 
restricted the propagation of calcium waves after stretch to approximately 225µm into the 
penumbra, while untreated cultures had waves propagating beyond 375µm (Figure 2.7A).  
None of these three treatments had a significant effect at 75µm, with PPADS resulting in 
99 ± 1% of cells responding, suramin resulting in 79 ± 11%, and apyrase resulting in 88 ± 
11%.  However, all were significant different from untreated cultures at 225µm from the 
site of stretch, reducing the percentage of responding cells from 90 ± 4% in untreated 
cultures to 42 ± 9%, 40 ± 15%, and 56 ± 14% in PPADS, suramin, and apyrase-treated 
cultures, respectively (Figure 2.7A).  The wave was further reduced at 300µm and 
375µm, bringing the percentage of responding cells below 20%, approximately a 75% 
reduction from untreated cultures. 
 The gap junction blockers flufenamic acid and α-glycyrrhetinic acid were 
completely ineffective in reducing wave propagation after a 25% stretch, unlike what was 
observed at lower stretch magnitudes.  Figure 2.7B shows that the addition of these two 
agents resulted in essentially no change in propagation patterns compared to controls.  
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The average peak fura ratio in responding cells was also not significantly different than 
controls (data not shown), suggesting that this pathway does not significantly contribute 
to calcium waves that are initiated by a 25% stretch.  The combined treatment of PPADS 
and flufenamic acid reduced the percentage of cells close to the region of stretch when 
compared to PPADS alone, but there was no significant difference between these two 
treatment groups beyond 150µm. 
2.4.7 Metabotropic glutamate receptors participate in propagating calcium waves 
after a 25% stretch 
 Several investigations show a role for released glutamate in the transmission of 
astrocytic calcium waves (Charles et al. 1991; Cornell-Bell and Finkbeiner 1991; 
Innocenti et al. 2000; Yoshida et al. 2005), as well as ATP-induced glutamate release 
(Domercq et al. 2006; Fellin et al. 2006b; Jeremic et al. 2001).  To determine if 
extracellular glutamate participated in transmitting stretch-induced calcium waves after a 
25% stretch, we added antagonists of metabotropic glutamate receptors: LY367385 
(100µM, Sigma), an mGlurR1 antagonist, and 2-methyl-6-(phenylethynyl)-pyridine 
(MPEP, Sigma) (50µM), an mGluR5 antagonist.  Treatment with MPEP and LY367385 
or with MPEP, LY367385, and flufenamic acid had no effect in reducing the wave 
propagation, with >90% of cells responding at every distance from the region of injury 
(Figure 2.8A).  However, using PPADS, MPEP, LY367385, and flufenamic acid together 
reduced the propagation of calcium waves to 2 ± 2% of cells at 375µm (Figure 2.8A).  
The four agents consistently resulted in lower responses than seen with the addition of 
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PPADS and flufenamic acid alone.  This suggests that glutamate may be playing a partial 
role in calcium wave propagation. 
 More strikingly, the four agents together reduced the peak fura ratio significantly 
lower than any other treatment.  Figure 2.8B shows the fura-2 ratio of cells responding to 
a calcium wave.  MPEP and LY367385 alone had no significant effect on the peak fura-2 
ratio, and flufenamic acid and PPADS had a moderate effect in reducing intracellular 
calcium increases.  The four agents used together reduced the peak fura ratio in 
responding cells from 4.9 ± 0.4 75µm into the penumbra to 0.6 ± 0.1.  The results were 
nearly as pronounced at every other distance.  Blocking the metabotropic glutamate 
receptors severely inhibited intracellular calcium increase, strongly suggesting that 
glutamate release is evoked from the calcium wave after a 25% stretch.  However, these 
receptors apparently are much less involved in transmitting the wave from one cell to the 
next. 
2.4.8 Calcium waves do not trigger ERK activation in the penumbra of a stretch-
induced injury 
 An increase in the ratio of phosphorylated ERK to total ERK (pERK:ERK) has 
been reported after stretch injury of astrocytes (Mandell et al. 2001; Neary et al. 2003), as 
well as after stimulation with extracellular ATP (Brambilla et al. 2002).  Given that ATP-
mediated signaling contributes to calcium signaling in the penumbra at all stretch levels, 
we next considered if the ATP-induced calcium transients in the penumbra region also 
caused a corresponding increase in ERK activation, as suggested from past studies.  We 
first measured ERK activation in the stretched astrocytes and, similar to other 
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investigators, we found significant increases in pERK in stretched astrocytes 15 minutes 
after a 15% or 25% stretch, but not after a 5% stretch (Figure 2.9B).  However, there was 
no significant increase in pERK levels in the penumbra of the stretch region after any 
stretch level (Figure 2.9B).  Westerns for pERK at later time points (30 min, 2 hr, 6 hr) 
showed no significant change from control in the stretched region or the penumbra at any 
stretch magnitude (data not shown).
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2.5 DISCUSSION 
In this study, we investigated how stretch-injured cultured astrocytes 
communicate to the surrounding, unstretched region – the mechanical penumbra – via 
calcium waves, and how the mechanism of wave propagation is dependent on strain 
magnitude.  We determined that increases in intracellular calcium were more pronounced 
in the mechanical penumbra compared to astrocytes from the region of mechanical 
injury.  In addition, we showed that ATP mediated signaling accounted for at least a 
portion of the intercellular wave in the penumbra region at all stretch levels.  The 
complete set of mechanisms regulating the calcium wave in the penumbra differed with 
the magnitude of initial mechanical injury and included both gap junction communication 
and glutamate receptor activation at higher levels of stretch.  Despite the common role of 
ATP on intercellular calcium signaling at all stretch levels tested, one common 
consequence of ATP stimulation – rapid ERK activation - was not consistently increased 
in the penumbra at the two highest stretch levels.  In all, these data demonstrate 
differences in both intracellular and intercellular signaling that can occur between the 
zone of mechanical injury and the surrounding mechanical penumbra, even at mild levels 
of stretch that do not cause astrocytic death.  
We used two outcome measures to determine the robustness of the calcium 
response across the two regions studied: percentage of cells displaying an increase in 
intracellular calcium >50% of baseline and the relative increase in intracellular calcium in 
responding cells as measured by the change in fura-2 ratio.  Using strain magnitudes that 
do not cause cell death, we found that stretched astrocytes undergo a strain-dependent 
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increase in intracellular calcium concentration, as has been reported by others 
(Rzigalinski et al. 1998).  However, less than half of stretched cells showed an increase in 
intracellular calcium > 50% of the pre-stretch levels, and this fraction of cells did not 
significantly increase at the moderate or highest stretch levels.  Given this finding, we 
were surprised to find calcium waves in the penumbra after every stretch at or above 
15%.  Even minor perturbation of the astrocytes, represented by our 5% strain, triggered 
robust calcium signaling in a large number of penumbra cells.  These data imply 
astrocytes in the penumbra of a stretch injury can be much more responsive than the 
injured astrocytes at non-lethal stretch levels. 
 A potential explanation for the difference between the stretched astrocytes and the 
penumbra astrocytes is that cytoskeletal disruption during rapid stretch disturbs calcium 
signaling pathways by separating receptors on the plasma membrane from proximity to 
calcium release sites on the endoplasmic reticulum or by separating the receptors from 
downstream messengers.  Past studies show that G-protein coupled receptors (GPCRs), 
such as opioid, dopamine, adenosine, and insulin receptors, are attached to the actin 
cytoskeleton through linkage proteins (Burgueno et al. 2003; He et al. 2003; Lin et al. 
2001; Onoprishvili et al. 2003).  As a result, it is possible that GPCRs undergo 
mechanically-induced alterations in function after stretch.  Treatment with cytochalasin D 
to disassemble the actin cytoskeleton in cultured astrocytes nearly eliminates calcium 
wave propagation after mechanical stimulation (Cotrina et al. 1998), and prevents a 
calcium increase after ATP application, mainly by reducing the coupling between 
intracellular calcium stores and calcium entry (Sergeeva et al. 2000).  Likewise, work in 
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pancreatic acinar cells has shown that the IP3 receptor is linked to actin and disruption of 
this linkage prevents local calcium spikes (Turvey et al. 2005).  The gap junction channel 
may also be mechanically altered, since gap junction communication can be inhibited 
through cytoskeletal disruption (Johnson et al. 2002).  Interestingly, the threshold for the 
collapse of actin-based polymeric gels subjected to mechanical strain is approximately 
10-15%, similar to stretch levels used in our study, although this threshold can change if 
the gel is polymerized with different actin crosslinking proteins (Janmey et al. 1994; 
Janmey et al. 1990; Janmey et al. 1988; MacKintosh et al. 1995). These results, along 
with our own, point to a mechanism that might explain the relative lack of calcium 
responsiveness in stretched astrocytes compared to the robust response in the penumbra. 
 With the ability to precisely control the level of mechanical injury, we found the 
mechanism of calcium wave propagation into the penumbra became more complex as the 
strain magnitude increased.  To our knowledge, this is the first evidence of a strain-
sensitive progression of intercellular waves in astrocytes.  One common mechanism for 
the calcium waves at all strains was extracellular ATP, as evidenced by the ability of 
PPADS, suramin, and apyrase to significantly attenuate wave spreading at all stretch 
magnitudes.  These data are consistent with a number of previous studies showing the 
role of ATP on intercellular waves originating from the stimulation of a single astrocyte 
(Cotrina et al. 2000; Cotrina et al. 1998; Guthrie et al. 1999; Venance et al. 1997).  Gap 
junctions played an unusual role in our experiments, providing the most significant effect 
at moderate strain levels and very little contribution at the lowest and highest stretch level 
tested.  The observed mechanical sensitivity of the gap junction mechanism may explain 
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why gap junction communication is observed in some intercellular calcium wave studies 
(Giaume and Venance 1998; Sanderson et al. 1994; Scemes 2000; Suadicani et al. 2004; 
Yamane et al. 2002) and not in others (Bennett et al. 2006; Cotrina et al. 2000; Guthrie et 
al. 1999; Hassinger et al. 1996; Venance et al. 1997).  Past reports indicate gap junctions 
can be regulated by ATP or through the activity of other messengers (Meme et al. 2004), 
and our data showing the presence of ATP release at the highest level of stretch provides 
at least one mechanism for the reduction in the role of gap junctions at this stretch level.  
Moreover, the permeability of gap junctions can be inhibited by very high levels of 
intracellular calcium (Kumar and Gilula 1996), and our data show that the highest levels 
of intracellular calcium appeared in the penumbra at the highest level of stretch (Scemes 
et al. 2000).  Less clear, though, is the significance of attenuating the role of gap 
junctions at the highest stretch levels.  Certainly, the interaction of gap junctions and P2 
receptors in astrocytes is noted in past work (Scemes et al. 2000; Suadicani et al. 2004; 
Yamane et al. 2002), however, the significance of this interaction has not been 
investigated.  Some processes are thought to be regulated largely by gap junction 
communication in astrocytes, such as ion buffering and intercellular diffusion of small 
signaling molecules like cAMP and IP3 (Loewenstein 1981).  The role of astrocytic gap 
junction communication after traumatic or ischemic brain injury is only beginning to be 
understood, as some studies point to the potential protective role that the gap junctions 
can play in recovery while other studies observe less favorable outcomes (Farahani et al. 
2005; Lin et al. 1998; Perez Velazquez et al. 2006).  Our work points to the possible 
complexity in the astrocytic response after mechanical injury, where the factors that 
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control intercellular waves can be regulated by the initial severity of mechanical injury.  
This variable signaling mechanism would help prevent a pathological response in the 
brain to normal, physiological strains and allows for the possibility of subtle 
pharmacological interventions to prevent only pathological wave progression after injury. 
 We considered one functional consequence of mechanical injury to astrocytes – 
ERK activation - that is a potential link to the onset of glial reactivity. Other investigators 
have detected ERK activation in astrocytes following stretch and/or ATP application 
(Abbracchio et al. 1996; Bolego et al. 1997; Franke et al. 1999; Lenz et al. 2000; Munsch 
et al. 1998; Neary and Norenberg 1992; Neary et al. 1996) , and our data from astrocytes 
in the stretched region are generally consistent with these past studies. With the role of 
ATP in producing ERK activation well established from previous work, it was surprising 
to observe no ERK activation in the penumbra at the higher stretch levels.  The absence 
of ERK activation in the penumbra occurred despite large increases in intracellular 
calcium in this region following stretch, suggesting an uncoupling of these two events at 
these stretch levels.  It has been shown that ERK activation in astrocytes can be produced 
through calcium-dependent and calcium-independent pathways, both of which can be 
activated by the application of ATP (Neary et al. 1999; Neary et al. 2003).  The question 
from our data is why extracellular ATP fails to produce ERK activation in the penumbra 
in our model.  One possibility is that other released factors are countering or inhibiting 
the ERK pathway, but this remains to be shown.  Another possibility is that the local ATP 
concentration is too low to trigger ERK activation.  However, this seems unlikely given 
the strong calcium propagation seen in these cultures.  Nevertheless, our data show that 
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ATP-induced calcium waves are not sufficient stimuli to produce ERK activation in our 
cultured astrocyte model. 
In all, the complex regulation of astrocytic calcium waves after injury suggest 
there may be several potential therapeutic targets that can modulate these waves, with the 
long term goal of improving outcome after TBI.  Of note is recent work showing the 
ability of astrocytic calcium to trigger glutamate release from astrocytes, in turn 
activating extrasynaptic NMDA receptors on neurons (Fellin et al. 2004).  The potential 
interplay between astrocyte signaling and neuronal fate after TBI is relatively unexplored, 
and our findings suggest at least one mechanism in which astrocytes may mediate 
significant changes to neuronal function in areas otherwise isolated from the mechanical 
injury.  Further work is warranted to investigate how astrocytic calcium waves after TBI 
affect the ultimate fate of astrocytes, neurons, and other cell types in the affected regions, 
and whether interventions to prevent the spread of calcium waves would be beneficial for 
long-term recovery. 
In conclusion, our results demonstrate that astrocytes can alter the mechanism of 
calcium wave production and spread in response to different levels of mechanical strain.  
The production of robust calcium waves in the penumbra of the injury is largely 
independent of the intracellular calcium increase in the stretched region.  Extracellular 
ATP is the dominant mechanism of wave propagation at all strain magnitudes, while the 
involvement of gap junctions and glutamate was observed at the higher levels of stretch.  
Despite the widespread increase in calcium observed in the penumbra, there is no 
corresponding increase in ERK activation.  The increasing complexity of the calcium 
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wave suggests that astrocytes are communicating information about the severity of injury 
to the penumbra, and this may have implications for pharmacological interventions.  
Further work is needed to define the longer term effects of the calcium wave after injury 
and how calcium activation relates to astrocyte reactivity and neuronal dysfunction.  
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Figure 2.1 (previous page).  A: Astrocytes were cultured on transparent elastic 
membranes.  An air pressure pulse was delivered to the culture surface, deflecting the 
membrane downward.  A fused silica plate beneath part of the culture restricted the 
region of stretch to a 2 mm x 18 mm region.  The membrane strain produced by such 
geometry is uniaxial and nearly uniform throughout the stretched region; the adjacent 
membrane areas are unstretched.  The penumbra was defined as the region immediately 
adjacent to the stretched region.  B:  Astrocytes were labeled with fura-2 AM to detect 
calcium waves propagating from the stretched region into the penumbra.  For analysis, 
cells in the penumbra were grouped into regions 75µm wide, as shown.  Scale bar = 
50µm.  C:  The propagation of a calcium wave in the penumbra after a 15% stretch, 
measured by fura-2.  Calcium waves typically advanced through the field of view in less 
than 1 minute.  Scale bar = 50µm.  Colorimetric scale bar represents fura-2 ratio 
(340/380). 
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Figure 2.2.  Astrocytes in the mechanical penumbra show more pronounced intracellular 
calcium increases than stretched astrocytes.  A:  After rapid stretch, intracellular free 
calcium in stretched astrocytes and penumbra astrocytes was measured for at least 1 
minute using fura-2.  The probability of a calcium increase >50% above baseline in an 
individual cell was significantly higher in the penumbra than in the region of stretch.  In 
the stretched region, 28 ± 11%, 36 ± 17%, and 46 ± 22% of cells exhibited an 
intracellular calcium increase after a 5%, 15%, or 25% stretch, respectively, compared to 
58 ± 8%, 99.4 ± 0.3%, and 100% of cells within 75µm of injury.  (Mean ± SE) * = 
p<0.001.  B:  Peak intracellular calcium increases in stretched astrocytes and astrocytes in 
the penumbra, shown as changes in the fura-2 ratio.  The average intracellular calcium 
level was lower in stretched cells than in cells in the penumbra that were involved in a 
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Figure 2.3 (previous page).  A:  Within one minute after a 15% or 25% stretch, 100% of 
astrocytes in the first 75µm of the penumbra showed calcium increases >50% of baseline.  
The percentage of responding cells 375µm into the penumbra was 71 ± 7% after a 15% 
stretch, and 79 ± 7% after a 25% stretch.  In comparison, a stretch of 5% caused a 
response in 58 ± 8% of cells in the 75µm region, which decreased to 44 ± 8% in the 
375µm region. (n = 13-33 cultures for each group).  * = p < 0.01 compared to 25% 
stretched cultures.  B:  The fura-2 ratio in responding cells decreased with distance from 
the site of stretch.  The cells in a calcium wave after a 25% stretch maintained a higher 
calcium level as a function of distance than cells after a 5% or 15% stretch.  The fura-2 
ratio in responding cells after a 5% stretch stabilized at approximately 2.0.  * = p < 0.01 
compared to 25%.  
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Figure 2.4.  Extracellular ATP in the penumbra after 25% stretch was measured using a 
luciferin-luciferase assay. Immediately after stretch there was a sharp increase in 
extracellular ATP for the first minute followed by a gradual decrease towards baseline 
levels over the course of the next 10 minutes.  Treatment with the calcium chelator 
BAPTA-AM greatly reduced the peak level of extracellular ATP in the penumbra, 
although the peak was still higher than pre-stretch levels.  These data confirm the release 
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Figure 2.5 (previous page).  Calcium waves following mild (5%) mechanical stretch are 
mediated primarily by P2 receptor activity.  A:  Apyrase (20U/ml), an extracellular 
ATPase, and suramin (100µM), a P2 receptor antagonist, partially inhibited the 
propagation of calcium waves, reducing the percentage of responding cells (>50% 
increase from baseline calcium) from 58±8% in the 75µm region in untreated cultures to 
49±12% and 44±13%, respectively.  PPADS (10µM), a P2 receptor antagonist, was much 
more effective, reducing the percentage of responding cells to 13±8% at 75µm and 
completely blocking the propagation of calcium waves beyond 300µm.  B:  Gap junction 
blockers flufenamic acid (30µM) and α-glycyrrhetinic acid (10µM) had no statistically 
significant effect on calcium wave propagation, although a slight reduction in cell 
response rate was observed.  PPADS and flufenamic acid used together severely inhibited 
calcium wave propagation, reducing the response in the 75µm region to 8±5%.  
However, the double block was not significantly different than PPADS alone.  C. 
Representative images of calcium waves in the penumbra of a stretched region.  The 
region of stretch was immediately to the left of the image.  Calcium waves were clearly 
evident in untreated and flufenamic acid-treated cultures at 15 seconds post-stretch, while 
PPADS-treated cultures showed less evidence of wave initiation and propagation.  The 
wave propagated through the field of view by one minute post-stretch in untreated and 
flufenamic acid treated cultures but not typically in PPADS-treated cultures.  * = p < 0.05 
compared to untreated cultures.  Scale bar = 50µm. Colorimetric scale bar represents 
fura-2 ratio.  
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Figure 2.6 (previous page). Calcium waves following a moderate (15%) stretch were 
inhibited by blocking gap junctions and P2 receptors simultaneously.  A:  Calcium waves 
produced by a 15% stretch could not be completely inhibited by P2 receptor antagonists 
or apyrase alone, although the treatments did significantly reduced the percentage of cells 
responding to the wave as it propagated away from the region of stretch.  In untreated 
cultures, 100% of penumbra cells responded 75µm from the stretch after one minute, 
while apyrase, suramin, and PPADS reduced the response rate to 74±10%, 80±11%, and 
71±11%, respectively.  The response at 375µm into the penumbra was reduced from 
71±7% in untreated cultures to 6±3%, 25±13%, and 17±9% by apyrase, suramin, and 
PPADS, respectively.  B:  The gap junction blockers flufenamic acid and α-
glycyrrhetinic acid also reduced the response rate, reaching a level of significance at 
375µm.  At 75µm, flufenamic acid reduced the response rate to 78±12% and α-
glycyrrhetinic acid reduced the rate to 73±12%.  At 375µm, flufenamic acid reduced the 
rate to 23±7% and α-glycyrrhetinic acid reduced the rate to 24±9%, both of which were 
significantly lower than controls.  Application of PPADS and flufenamic acid together 
produced an additive block of the calcium wave, reducing the response rate at 75µm to 
36±12% and nearly eliminating propagation into the 300µm and 375µm regions (9±9% 
and 1 ± 1% of cells responding).  * = p<0.05 compared to untreated cultures.  
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Figure 2.7.  Following the highest level of mechanical stretch (25%) P2 receptor 
antagonists attenuated but did not eliminate calcium waves in astrocytes.  A: P2 receptor 
antagonists significantly reduced the percentage of cells responding to a 25% stretch-
induced calcium wave at distances greater than 225µm from the area of stretch.  Apyrase, 
suramin, and PPADS were equally effective in reducing the cellular response to 10-20% 
of cells at 375µm, compared to 79±7% in untreated cultures.  * = p<0.001 compared to 
all three treated groups.  B:  Flufenamic acid and α-glycyrrhetinic acid were completely 
ineffective in reducing the propagation of calcium waves after a 25% stretch.  The 
combination of flufenamic acid and PPADS significantly reduced the percentage of cells 
responding at every distance, but was only significantly different from using PPADS 
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Figure 2.8.  Following 25% stretch, metabotropic glutamate receptor antagonists 
significantly attenuated intracellular calcium increase within the mechanical penumbra, 
but had less effect on the wave propagation dynamics.  A:  LY367385, an mGluR1 
antagonist, and MPEP, an mGluR5 antagonist, had no effect on the percentage of cells 
responding to the calcium wave after a 25% stretch, compared to untreated cultures.  
When LY367385 and MPEP were added to media containing PPADS and flufenamic 
acid, there was a slight but insignificant reduction in the percentage of cells responding to 
the wave compared to PPADS and flufenamic acid alone.  B. The addition of LY367385 
and MPEP to media containing PPADS and flufenamic acid had a profound effect on the 
peak fura-2 ratio of cells responding in the calcium wave at every distance from the 
injury region.  LY367385 and MPEP alone had no significant effect, while PPADS and 
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Figure 2.9.  Calcium waves did not initiate ERK activation.  A: Representative Western 
blots of ERK and phosphorylated ERK (pERK) 15 minutes following a stretch-induced 
injury.  No elevation in pERK was observed in the penumbra after 15 minutes.  B:  
Quantification of pERK/ERK ratios 15 minutes after stretch.  Astrocytes showed a 
significant increase in pERK/ERK ratios at 15 minutes following a 15% or 25% stretch.  
Despite robust calcium wave propagation into the penumbra, there was no corresponding 
significant pERK activation.  * = p<0.05. 
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3.1 ABSTRACT 
 This study evaluated the change in the mechanical properties of cultured cortical 
astrocytes after an in vitro model of traumatic brain injury (TBI) that induced 
characteristics of reactive gliosis.  In injured cultures there was a significant increase in 
GFAP immunoreactivity 24 hours following a rapid, transient 15% strain.  In these same 
cultures, the astrocytes in the surrounding region – the “mechanical penumbra” – also 
exhibited increased GFAP immunoreactivity compared to naïve cultures.  Correlated with 
these changes in GFAP was a general softening of the non-nuclear regions of the 
astrocytes, both in the injured and penumbra cells, as measured by atomic force 
microscopy (AFM).  The apparent Young’s modulus in naïve cultures was observed to be 
57.7 ± 5.8kPa in non-nuclear regions of naïve cultures, while 24 hours after injury the 
modulus was observed to be 26.4 ± 4.9kPa in the same region of injured cells.  In the 
penumbra, the modulus was 23.7 ± 3.6kPa in non-nuclear regions of the cells.  
Indentations in regions above the cell nucleus resulted in a lower modulus (22.7 ± 
5.8kPa) than seen in non-nuclear regions in naïve cultures.  There was no clear pattern of 
softening or stiffening after injury compared to naïve astrocytes when the stiffness was 
measured above the nucleus.  Since neuronal cells generally prefer softer substrates for 
growth and neurite extension, these findings may indicate that the mechanical 
characteristics of reactive astrocytes are favorable for neuronal recovery after TBI.
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3.2 INTRODUCTION 
In vivo, focal traumatic brain injury (TBI) often results in reactive gliosis in 
surrounding astrocytes, which is a process that involves proliferation, increased process 
length, and upregulation of GFAP, an intermediate filament protein (Pekny and Nilsson 
2005).  A common element of these changes is that they involve a significant degree of 
cytoskeletal rearrangement.  Studies have shown that changes in the intermediate 
filament network can also trigger the reorganization of the microtubule and actin 
microfilament networks (Chang and Goldman 2004).  Since it has been reported that 
viscoelastic properties of cells are primarily determined by the microfilament and, to a 
lesser extent, the intermediate filament elements of the cytoskeleton (Trickey et al. 2004), 
we suspect that reactive gliosis may have implications for the mechanical properties of 
astrocytes. 
In vitro, astrocyte monolayers provide a favorable environment for neurite 
outgrowth and neuronal attachment (Powell et al. 1997).  In the traumatically injured 
brain, however, reactive astrocytes can form a glial scar that prevents neurites from 
regrowing through the injured region (Pekny and Nilsson 2005).  Recently, a greater 
appreciation has developed for the importance of substrate stiffness for cell attachment, 
motility, and process extension, especially in neuronal cells (Balgude et al. 2001; Lo et al. 
2000; Pelham and Wang 1997; Wang et al. 2001).  Unlike astrocytes, which grow best on 
harder substrates (Georges et al. 2006), neurons prefer soft substrates, with neurite 
branching decreasing significantly when substrate stiffness is greater than that measured 
in human gray matter (Balgude et al. 2001; Discher et al. 2005; Flanagan et al. 2002; Lu 
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et al. 2006).  While it is clear that astrocytes undergo cytoskeletal reorganization after 
injury, an important question that remains unanswered is whether the mechanical 
properties of astrocytes change during reactivity, given the lack of neuronal growth in the 
glial scar.  In this study we used atomic force microscopy (AFM) to investigate whether a 
mechanical injury that induces changes in GFAP immunoreactivity also increases 
astrocyte stiffness and whether changes in cellular stiffness extend beyond the initial area 
of mechanical injury in vitro. 
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3.3 MATERIALS AND METHODS 
3.3.1 Cell Culture 
 Pure cortical astrocyte cultures were generated from E18 Sprague-Dawley rat 
embryos (Charles River Laboratories) according to the animal welfare guidelines 
established by the University of Pennsylvania’s IACUC.  Briefly, brains were dissected 
from the embryos and the meninges were removed.  The cortices were dissected and 
dissociated by incubating in Neurobasal media (Invitrogen) with trypsin (0.3mg/ml, 
Sigma) + DNAse I (0.2mg/ml, Amersham Biosciences) at 37°C, 5% CO2.  Enzymatic 
activity was inhibited after 20 minutes by adding soybean trypsin inhibitor (.5mg/ml, 
Gibco).  The tissue was mechanically disrupted by pipetting, then centrifuged for 5 
minutes at 1000 rpm and resuspended in DMEM (Cambrex) + 5% FBS (Hyclone).  Cells 
were filtered sequentially through a 60µm and 28µm Nitex Mesh (Cross Wire Cloth & 
Manufacturing Co.) and plated onto poly-L-lysine (PLL, Sigma)-treated T75 tissue 
culture flasks (Fischer Scientific, Inc.) at a concentration of 1 x 105 cells/ml.  Media was 
changed every 3-4 days. 
At 13 days in vitro (DIV) cells were placed on an orbital shaker and shaken at 250 
rpm overnight at 37°C, 5% CO2 to remove loosely adherent cells.  Flasks were rinsed 
with saline solution before adding 4 ml of trypsin/EDTA (0.25%, Invitrogen) for 2-3 
minutes at 37°C, and then mechanically disrupted to dislodge the cell layer from the flask 
surface.  DMEM + 5% FBS was added to inhibit enzymatic activity.  The cells were 
centrifuged for 5 minutes at 1000 rpm and resuspended in DMEM + 5% FBS.  The cell 
suspension was diluted to 1x105 cells/ml and plated onto PLL-treated silicone-based 
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elastic membranes (cured Sylgard 186:Sylgard 184 at a 7:4 mix, Dow Corning).  Media 
was changed at 24 hours and then every 3-4 days until use after 13-14 DIV, at which 
point cultures had reached confluency.  Cultures were determined to be >95% pure 
astrocytes by immunochemistry for GFAP (astrocytes), type-3 beta-tubulin (neurons), 
and CNPase (oligodendrocytes) counterstained with Hoechst.  Cultures were discarded if 
not confluent. 
3.3.2 Cell Stretch 
 To simulate the strains experienced during mild TBI, a rapid, transient air 
pressure pulse was applied to the culture surface, deflecting the membrane downward.  A 
metal plate beneath the culture restricted the deflection of the elastic membrane to a 2 
mm x 18 mm rectangular region (Figure 3.1).  Past work shows that this membrane strain 
causes a corresponding and proportional stretch of cells plated on the membrane 
(Shreiber et al. 1997).  The duration (20ms) and magnitude of the strain (15%) were 
controlled to simulate mild TBI (Shreiber et al. 1997).  The geometry of the stretched 
area created a nearly uniform uniaxial strain field throughout the stretched region 
(Lusardi et al. 2004).  The culture region surrounding the region of stretch-injured cells – 
the “penumbra” – experienced no mechanical deformation (Lusardi et al. 2004).  All 
cultures were stretched once and returned to the incubator environment for 24 hours 
before conducting AFM measurements or GFAP immunoreactivity. 
3.3.3 GFAP immunoreactivity 
As noted above, cultures were injured in a sterile environment in DMEM + 5% 
FBS and incubated for 24 hours.  The cultures were then rinsed with PBS and fixed in 4% 
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paraformaldehyde for 15 minutes. The cells were permeablized in 0.2% triton (Sigma) in 
TBS for 5 minutes.  Primary monoclonal GFAP antibody (1:1000, Chemicon) in 5% 
NGS was added and the cultures were incubated overnight at 4°C.  The cells were rinsed 
2X with TBS and incubated for 30 minutes in 5% NGS and then the secondary antibody 
(Alexafluor 488, 1:1000, Chemicon) was added for 1 hour.  The cells were rinsed and 
stored at 4°C until imaging.   
Immunoreactivity was quantified by using Metamorph software (Universal 
Imaging) to compute an average fluorescence for a full field (350 µm x 350 µm).  A 
threshold was set for the images such that only cellular areas were included and the 
average immunofluorescence was recorded.  In stretched cultures, 3-6 images were taken 
randomly from the mechanically injured region and 4-10 images were taken from the 
adjacent, uninjured (penumbra) regions.  In unstretched cultures, 6-10 images were taken 
randomly throughout the culture.  Immunoreactivity was compared from week to week 
by including at least three naïve controls each week and normalizing each week’s 
immunoreactivity data to the naïve controls for that week.   
3.3.4 Atomic Force Microscopy 
Images were acquired using a Bioscope AFM with a Nanoscope IIIa controller 
(Veeco Instruments) and a DAFM-2X Dimension Head Scanner (Veeco).  Images were 
obtained in contact mode using silicon nitride DNP cantilevers (Veeco), which are 
nominally 200 µm long with 20 µm wide legs.  Contact mode images were taken in 
DMEM media at room temperature with scan rates between 30-100 µm/s and scan sizes 
between 10-100 µm in each direction.  These images were used to identify nuclear and 
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non-nuclear regions of each astrocyte.  After imaging a region of the culture, force curves 
were collected by indenting the cantilever onto the cell surface while holding the xy-axis 
constant.  The nominal spring constant of these cantilevers is reported to be 0.06 N/m, 
although actual spring constants were determined using resonance frequency 
measurements of the tip prior to each experiment.  The sensitivity of each cantilever was 
calibrated before use by lowering the cantilever onto a glass slide.  After the cantilever 
reached the surface of the cell, it was lowered at least 300nm towards the cell surface at a 
rate of 1 Hz.   
 The apparent Young’s modulus, E, was determined by fitting deflection curves 
for each culture to two different indentation models.  In the Sneddon’s modification of 
the Hertzian model (Landau and Lifshitz 1970; Sneddon 1965), the force-deflection 
relationship for a conical tip is given by 
 F = δ2 (2 E tan α)        (1) 
  π (1-ν2) 
 
where F is the loading force, E is the elastic Young’s modulus, α is the nominal tip angle, 
ν is the Poisson ration (0.5 was used, based on (Sato et al. 1990)), and δ was the 
deflection of the cantilever.  For a parabolic tip the fit is given by  
 F = 4 E R½ δ3/2        (2) 
        3 (1-ν2) 
 
where R is the radius curvature at the apex (Sneddon 1965).   
3.3.5 Statistics 
Data are reported as mean ± standard error except where specified otherwise.  
Significance for GFAP immunoreactivity and for differences in Young’s modulus was 
Chapter 3  Mechanical Properties of Injured Astrocytes  
  59 
determined by ANOVA with strain (injured vs. naïve) and culture location (stretched vs. 
penumbra) as groups.  Curve fitting was determined by linear regression and by a chi-
squared test for goodness of fit.
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3.4 RESULTS 
3.4.1 Mechanical stretch induces an increase in GFAP immunoreactivity 24 hours 
following injury 
 In this study we measured the change in cellular stiffness in reactive astrocyte 
cultures 24 hours after applying a rapid, transient strain that mimics mild TBI.  
Astrocytes subjected to a 15% strain showed no morphological differences from 
astrocytes in naïve cultures in terms of process number or length, or in terms of increased 
cell density.  However, increased GFAP immunoreactivity was noted at 24 hours 
following injury (Figure 3.3).  Quantification of the fluorescence intensity (describe 
above) revealed that GFAP staining in stretched cells was significantly higher than in 
naïve cultures (p<0.05, Figure 3.3D).  Astrocytes in the penumbra regions of the injury, 
which we defined as the regions immediately adjacent to the stretch (Figure 3.1), also did 
not display any overt morphological changes but stained significantly more intensely for 
GFAP compared to naïve cultures (p<0.05, Figure 3.3).  There was no difference in 
GFAP immunoreactivity between stretched and penumbra astrocytes. 
3.4.2 Modeling of AFM indentation 
 Using atomic force microscopy (AFM) we investigated whether these 
intermediate filament alterations were correlated with a change in mechanical properties.  
Using an indentation protocol, we made separate measurements for nuclear and non-
nuclear regions of the cells.  Each measurement consisted of indentation depths of at least 
300nm.  The average force-indentation curve for the non-nuclear region of penumbra 
astrocytes is shown in Figure 3.4.  The apparent E was determine by fitting to either the 
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conical equation (1) or the parabolic equation (2), as described above (Sneddon 1965).  
The goodness of fit for each model was determined by a chi-squared test, resulting in a 
chi-squared distribution value in non-nuclear regions of astrocytes of 0.43 for the conical 
model in penumbra cells, compared to a value of 0.99 for the parabolic model (Table 
3.1).  Likewise, the R2 regression parameter for the parabolic model is higher than for the 
conical model (Table 3.1).  Table 3.1 shows the R2 regression parameter and the chi-
squared distribution values for all conditions.  These data indicate that the parabolic 
model is a superior approximation of the experimental data for determination of E.  
Therefore, we used the parabolic model for the remaining comparisons among injured 
and naïve culture regions. 
3.4.3 Apparent Young’s modulus is reduced in nuclear regions of naïve astrocytes 
compared to non-nuclear regions 
 We first measured E in naïve cultures, both in non-nuclear regions of the cell and 
areas above the nucleus.  In these cultures there was a significant difference between E in 
the region above the nucleus compared to non-nuclear regions.  The average E value was 
22.7 ± 5.8kPa above the nucleus, while in non-nuclear regions E was 57.7 ± 5.8kPa 
(p<0.05, Figure 3.5).  Obviously, there is no “penumbra” region in naïve cultures, so 
there was no difference in the regions of the cultures, unlike in the injured cultures. 
3.4.4 Mechanically injured astrocytes are more compliant than naïve astrocytes 
We next investigated the stiffness of cells in the stretched region of injured 
cultures.  As in naïve cultures, the value of E in the region above the nucleus was lower 
than in the non-nuclear areas (Figure 3.5).  However, the difference between the two 
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locations was not significant.  The stretched cells displayed no significant change in 
stiffness in the nuclear region compared to naïve (Figure 3.5).  Despite this, in the non-
nuclear region there was a significant decrease in E from 57.7 ± 5.8kPa in naive cultures 
to 26.4 ± 4.9kPa in stretched cells (p<0.05, Figure 3.5). 
3.4.5 Non-nuclear regions of penumbra astrocytes are more compliant than naïve 
astrocytes 
 In the penumbra region of injured cultures, the area above the nucleus was stiffer 
than the non-nuclear regions, which was opposite of what was observed in naïve or 
stretched astrocytes (Figure 3.5).  Due to the high variability in the nuclear region, the 
difference in E between the nuclear and non-nuclear region was not significant.  
Likewise, the difference between the nuclear region in the penumbra astrocyte and the 
nuclear region in naïve cultures was not significant.  However, the nuclear region in the 
penumbra was significantly stiffer than the nuclear region in stretched astrocytes (p<0.05, 
Figure 3.5).  In the non-nuclear region of the penumbra astrocytes the value of E was 
significantly reduced compared to naïve cultures, with a apparent Young’s modulus of 
23.7 ± 3.6kPa compared to 57.7 ± 5.8kPa in naïve cultures (p<0.05, Figure 3.5).  The 
stiffness of penumbra astrocytes was nearly identical to what was observed in injured 
cells (Figure 3.5). 
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3.5 DISCUSSION 
In this study we used AFM to investigate the cellular stiffness of cultured 
astrocytes after mechanical injury.  AFM can be used to acquire exquisitely detailed 
topographical images of living cells, including information about height and the location 
of subcellular structures, without producing significant disturbance or damage to the cell 
(Alonso and Goldmann 2003; Haydon et al. 1996; Ohta et al. 2002).  AFM has also been 
used to examine the mechanical properties of the cell by measuring the forces required to 
deflect the cell membrane (Alonso and Goldmann 2003; Collinsworth et al. 2002; Costa 
and Yin 1999; Hoh and Schoenenberger 1994; Lu et al. 2006; Rotsch et al. 1997; Sato et 
al. 2000).  We used AFM to determine the apparent Young’s modulus, E, in regions over 
the nucleus as well as in non-nuclear regions of the astrocytes both in naïve and injured 
cultures.  In naïve cultures we found that the region above the nucleus was significantly 
less stiff than non-nuclear region.  Cells in the stretched region of injured cultures also 
displayed stiffer non-nuclear regions compared to nuclear regions. However, the situation 
was reversed in the penumbra, which we defined as the area immediately adjacent to 
mechanical injury, with the nuclear region having a higher E than the non-nuclear region, 
although the difference did not reach the level of significance.   
In addition, in injured astrocyte there was a dramatic softening of the non-nuclear 
regions 24 hours after injury compared to naïve cultures, although in the nuclear regions 
the results were not significantly different between injured and naïve cultures.  Likewise, 
softening was detected in non-nuclear regions of astrocytes in the penumbra compared to 
naïve cultures.  This suggests that the cell stiffness changes were not due directly to 
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mechanical injury, since non-stretched cells underwent the same level of stiffness change.  
Correlated with this softening was a significant increase in GFAP immunoreactivity in 
both the stretched cells and the penumbra.   
Increased GFAP expression is a standard marker for reactive gliosis, which is a 
process that astrocytes undergo following injury or during degenerative disease (Pekny 
and Nilsson 2005).  In the case of a focal injury, reactive astrocytes can migrate to the 
area of injury and form a glial scar, which is composed of a dense wall of cells and 
extracellular matrix molecules that serve to divide the injured region from surrounding 
tissue.  Generally, the glial scar is inhibitory to neuronal regrowth, and it has been 
suggested that the wall of glial cells physically block the regrowth of neurites through the 
scar (Pekny and Nilsson 2005).  However, more recently the major inhibitory aspect of 
the glial scar has been reported to be increased production of chondroitin sulfate 
proteoglycans (McKeon et al. 1999; Yiu and He 2006) which are produced in large 
quantities from astrocytes, oligodendrocytes, and microglia in the glial scar (Sandvig et 
al. 2004).  In support of this idea, some studies showed that enzymatic digestion of these 
large molecules allowed neurites to grow through the scar (Bradbury et al. 2002). 
Likewise, our data suggests the actual mechanical aspects of reactive astrocytes 
may be favorable for repair, if these in vitro results are mimicked in vivo.  As noted 
above, cultured neurons have been shown to prefer much softer substrates than typical 
cells (Balgude et al. 2001; Discher et al. 2005; Flanagan et al. 2002; Lu et al. 2006).  For 
example, Flanagan et al (2002) reported that neurons showed more neurite branching on 
softer polyacrylamide gels.  Similarly, the rate of dorsal root ganglion neurite extension 
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was found to be inversely related to the stiffness of the agarose gels used for culturing 
(Balgude et al. 2001).  A recent study on the viscoelastic properties of glial cells revealed 
that they are much softer than other cell types (Lu et al. 2006), suggesting they may be a 
favorable substrate for neuronal growth.  Interestingly, the optimal stiffness for neuronal 
growth seems to be much lower than the optimal level for astrocyte growth (Flanagan et 
al. 2002; Georges et al. 2006), which may be a mechanism for controlling cellular 
organization in the developing brain.  
The relationship between cell stiffness and GFAP expression is potentially due to 
the influence of intermediate filaments on actin organization (Chang and Goldman 2004).  
As noted above, microfilaments are the major load-bearing components of the 
cytoskeleton, with intermediate filaments only playing a secondary role (Trickey et al. 
2004).  However, intermediate filament reorganization has been shown to induce the 
alteration actin organization (Chang and Goldman 2004), so we propose that the increase 
in GFAP expression is causing the actin network to rearrange, allowing for a more 
compliant structure.  Studies using AFM after cytoskeletal treatments have shown that 
the actin network is particularly important in determine cell stiffness.  In stiffness 
measurement of living astrocytes Yamane et al (2000) showed that areas above F-actin 
were much stiffer than the surroundings areas (Yamane et al. 2000).  Another study 
showed that treatment of rat liver macrophages with latrunculin-A or cytochalasin B to 
depolymerize the actin network resulted in a drastic reduction in stiffness over time (7x 
less stiff in 40 minutes) (Rotsch et al. 1997), indicating that actin organization plays a 
major role in providing the mechanical stiffness of the cell.  Based on these studies and 
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our own data, we suspect that there is a GFAP-induced actin change in injured astrocytes 
that contributes greatly to the softening seen after injury. 
The mechanical properties of astrocytes and brain tissue have been measured by 
other investigators, and it has generally been found that brain tissue and cells are much 
softer than other tissue and cells (Discher et al. 2005; Lu et al. 2006).  Earlier studies 
using AFM on cultured astrocytes measured the 3-D properties of cultured astrocytes and 
showed that AFM is capable of imaging sub-membrane structures of living glia without 
causing membrane leakage or other signs of overt cellular damage (Haydon et al. 1996; 
Parpura et al. 1993).  More recent reports on the mechanical stiffness of astrocytes have 
found them to be more compliant than endothelial cells, cardiac cells, skeletal muscle 
cells, and fibroblasts, among others (Lu et al. 2006; Mathur et al. 2001).  Lu et al (2006) 
found that the elastic component of the complex modulus in astrocytes was 
approximately 0.2-0.6 kPa, which is much lower than the values reported in this study.  
However, that study used a high frequency tapping protocol instead of a low speed 
indentation protocol, which may explain the difference from our values in apparent 
stiffness.  Significantly, Lu et al found that the apparent complex shear modulus 
measured in astrocytes was close to that measured in hippocampal brain slices, as 
measured by bulk rheology (Lu et al. 2006), suggesting that astrocytes may play a large 
role in determining the macroscopic mechanical properties of the brain.  In an AFM 
indentation study more similar to the one used in this study, astrocyte stiffness was 
measured to be 10-20kPa in non-nuclear regions while nuclear regions were much softer, 
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with a reported modulus of 2-3kPa (Yamane et al. 2000).  This data correlates well with 
the values collected in the present study.   
Studies that have directly measured the nucleus have generally shown that it is 
much stiffer than the rest of the cell (Caille et al. 2002; Dahl et al. 2005).  Direct 
measurements of the mechanical properties of isolated nuclei have shown them to be 
approximately an order of magnitude stiffer than the cytoplasm (Caille et al. 2002; Dahl 
et al. 2005).  However, indentation experiments above the nucleus have not consistently 
found that this region is stiffer than the surrounding areas of the cell.  In fact, several 
reports using astrocytes and other cell types have shown that nuclear regions of the cell 
are significantly softer than the periphery regions (Radmacher et al. 1996; Ricci et al. 
1997; Sato et al. 2000; Yamane et al. 2000).  Others have found the opposite, with the 
nuclear region of the cell body showing a much greater modulus (Mathur et al. 2001).  
This discrepancy may be due to the fact that the indentation experiments are only 
measuring the stiffness immediately below the membrane and do not indent far enough to 
detect the nuclear stiffness component.  Another possibility that has been proposed is that 
the measurements of the periphery are biased higher because of interactions with the 
underlying surface due to the decreased thickness of the cell in those regions compared to 
nuclear regions (Mathur et al. 2001).  Of course, much of the discrepancy in values might 
be due to different protocols for measuring stiffness of living cells, or to the fact that 
different preparations may result in different mechanical properties for the cell.  For 
example, in our model the cells are cultured on elastic membranes, which may give a 
very different mechanical profile than cells grown on glass.  
Chapter 3  Mechanical Properties of Injured Astrocytes  
  68 
The most important finding in this study was the dramatic softening of non-
nuclear regions of cultured astrocytes after mechanical injury, a phenomenon that was 
found in both injured cells and nearby, uninjured cells.  This effect was correlated with a 
significant upregulation of GFAP, indicating that these astrocytes were undergoing 
reactive gliosis.  If this situation is reflected in vivo after injury, these data suggest that 
reactive astrocytes may be a mechanically favorable substrate for neuronal regrowth and 
repair in the absence of other inhibitory factors. 
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Figure 3.1.  Overview of mechanical stretch injury device. Astrocytes were cultured on 
transparent, elastic membranes.  An air pressure pulse was delivered to the culture 
surface, deflecting the membrane downward.  A metal plate beneath part of the culture 
restricted the region of stretch to a 2mm x 18mm region.  The membrane region adjacent 
to the deflected region, termed the penumbra (light blue area), experiences negligible 
strain.  The membrane strain produced by such geometry is uniaxial and nearly uniform 
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Figure 3.2. Height (left) and deflection (right) images of an astrocyte obtained by AFM 
scanning in contact mode.  Images were used to determine nuclear and non-nuclear 
regions for measurement of cell stiffness.  Scale bar = 10µm. 
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Figure 3.3.  Immunocytochemistry for GFAP shows a single, dynamic stretch of 15% 
results in increased GFAP reactivity in the stretched and penumbra regions.  (A) In naïve 
astrocytes, GFAP immunostaining appears consistently throughout all regions of the 
culture. Scale bar = 50µm.  (B) In astrocytes receiving a direct mechanical injury, a 
noticeable increase in GFAP immunoreactivity occurs 24 hours after the stretch injury.  
(C)  The extent of GFAP immunoreactivity is similar to injured cells in the penumbra of 
the astrocyte culture.  (D)  A quantitative measure of the immunofluorescence shows that 
the changes in the GFAP reactivity are significant in both the stretched (n = 24 
independent cultures) and penumbra (n = 25) regions compared to naïve (n = 32). * = 
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Figure 3.4.  Force-indentation curve recorded from a group of penumbra astrocytes from 
separate cultures.  Shown are the average + SD of the measured force from the 
experiments.  The curves represent the fitting procedures used to develop estimates of the 
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Table 3.1.  Estimated apparent moduli (kPa) for different astrocyte regions across 
different zones of the culture.  Numbers in parentheses and brackets indicate the R2 
regression parameter and the chi-squared distribution value for goodness of fit, 
respectively, from the fitting procedure using either a model that assumes a conical or 
parabolic approximation that accounts for the tip geometry.  
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Figure 3.5.  Changes in apparent stiffness 24 hours following stretch injury differ with 
indentation region, and are distinct between the penumbra and stretched regions.  In naïve 
cultures, indentations above the nucleus yielded a significantly lower apparent modulus 
compared to non-nuclear areas.  In injured cultures, the difference in apparent modulus 
between nuclear and non-nuclear regions followed the same pattern as naïve cultures, 
although apparent moduli in both regions were significantly lower than naïve cultures.  
The astrocytes measured in the penumbra region showed a reversal in the trend across 
indentation region, with nuclear areas now much stiffer than non-nuclear regions.  
Overall, injured cultures were considerably softer than naïve cultures in non-nuclear 
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4.1 ABSTRACT 
 The hippocampus has been reported to be selectively vulnerable to traumatic 
brain injury (TBI).  In this study we investigated the role of glutamatergic and purinergic 
signaling in mediating cell death in organotypic hippocampal slice cultures (OHSCs) 24 
hours following a stretch-induced injury.  We found a significant increase in cell death in 
the CA3 subregion following a 75% or 100% stretch, as measured by propidium iodide 
uptake.  In agreement with previous work, blockade of the NMDA receptor (NMDAR) 
eliminated increased PI uptake after either 75% or 100% stretch-injury.  A specific 
blockade of extrasynaptic NMDARs with ifenprodil was equally effective in reducing 
cell death at 75% but not at 100%.  Antagonism of the metabotropic glutamate receptor 
mGluR5 with MPEP was completely ineffective in preventing stretch-induced cell death 
in the CA3.  Inhibiting the activation of P2 receptors, and, specifically the P2Y1 receptor, 
significantly reduced cell death at all injury levels.  Interestingly, blocking an increase in 
astrocytic calcium by specifically loading these cells with the calcium chelator BAPTA-
AM reduced cell death after 100% stretch.  Overall, these data point to important linkages 
between purinergic and NMDA receptors in influencing cell death in the hippocampus 
after traumatic mechanical injury.  The link between these receptors appears to indicate a 
coupling between astrocytes and neurons after injury, and supports the possibility of 
ATP-mediated release of glutamate from astrocytes in determining cell fate in the CA3 
after TBI.  
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4.2 INTRODUCTION 
The hippocampus has been reported to undergo an unusually high degree of 
immediate and progressive cell loss after traumatic brain injury (TBI), suggesting that 
this brain region may be selectively vulnerable to injury (Beer et al. 2000; Bramlett et al. 
1997; Hicks et al. 1996; Lowenstein et al. 1992; Smith et al. 1995).  In vitro experiments 
have confirmed that hippocampal neurons are more susceptible to cell death after 
mechanical injury than cortical neurons (Geddes et al. 2003), although the exact 
mechanisms that determine the selective vulnerability of the hippocampus have yet to be 
completely described.   
Mechanical injury results in the release of large amounts of glutamate, which can 
be toxic to neurons and glia at high doses (Faden et al. 1989).  Given this rapid increase 
in extracellular glutamate, a number of studies have examined the role of glutamatergic 
receptors and, particularly, the N-methyl-D-aspartate receptors (NMDARs), in cell death 
and dysfunction after experimental TBI (Arundine and Tymianski 2004; Bullock and 
Fujisawa 1992; Dempsey et al. 2000; Faden et al. 2003; Rao et al. 2001; Regan and Choi 
1994; Shapira et al. 1990).  The NMDAR is a heterotetramer consisting of two NR1 
subunits and two NR2 subunits.  The NR2 subunit generally determines the function and 
spatial distribution of the NMDAR (Loftis and Janowsky 2003).  NR2A-containing 
receptors are found primarily in the synaptic region while NR2B-containing NMDARs, 
alternatively, are generally located extrasynaptically (Loftis and Janowsky 2003).  
Several reports have suggested that selective activation of NR2B-containing NMDARs 
leads to neuronal cell death (Hardingham et al. 2002; Wang and Shuaib 2005), and in 
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experimental models of TBI antagonists of extrasynaptic NMDARs generally result in 
increased cell survival and improved outcome (Dempsey et al. 2000; DeRidder et al. 
2006; Toulmond et al. 1993).  However, others have shown that either NR2A or NR2B-
containing NMDARs are capable of inducing cell death under the proper excitatory 
conditions, and the distinction between the two may be due more to the source of 
glutamate than to the innate receptor activity (Sattler et al. 1998; Sattler et al. 2000).  
Significantly, recently published reports indicate that extrasynaptic NMDARs can be 
activated by astrocyte-released glutamate after stimuli that increase intracellular calcium, 
presenting potential a separate glutamate source for NMDAR activation (Angulo et al. 
2004; Fellin et al. 2004). 
In addition to activating NMDARs, glutamate released during injury is capable of 
affecting other receptors on neurons, such as the kainate, AMPA, and metabotropic 
glutamate receptors.  Moreover, astrocytes are capable of responding to changes in 
extracellular glutamate; e.g., synaptic glutamate can activate the group I metabotropic 
glutamate receptor mGlur5 receptors on astrocytes, leading to the synaptically-driven 
increase in intracellular calcium (Biber et al. 1999; Nakahara et al. 1997; Schools and 
Kimelberg 1999).  The stimulation of glutamatergic receptors on astrocytes may amplify 
the initial excitotoxic cascade by stimulating the release of additional glutamate (Zhang et 
al. 2004a) and indicate that non-NMDARs may also influence glutamate mediated 
neuronal death (Bao et al. 2001; Floyd et al. 2004; Movsesyan et al. 2001; Strasser et al. 
1998).   
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 A less well studied group of receptors that can influence glutamate excitotoxicity 
are the P2 purinergic receptors, which can affect the function of both astrocytes and 
neurons in vivo after injury.  Large amounts of ATP are released into the extracellular 
space after TBI (Franke et al. 2006).   In neurons, extracellular ATP can activate both 
ionotropic P2X receptors and metabotropic P2Y receptors, with varying effects.  P2X 
receptors in the CNS are involved in direct synaptic transmission as well as in 
potentiating neurotransmitter release (Franke et al. 2006).  P2Y receptors can modulate 
ion channels conductance, inhibit the release of neurotransmitters, and both inhibit and 
enhance synaptic transmission postsynaptically (Erb et al. 2006).  Furthermore, adenosine 
produced from the breakdown of ATP can activate adenosine receptors on neurons, 
which is generally an inhibitory signal (Fields and Burnstock 2006).  ATP acting at P2 
receptors evokes intracellular calcium increases in astrocytes (King et al. 1996), and can 
result in the release of glutamate (Duan et al. 2003; Fellin et al. 2006b).  In turn, the 
release of glutamate can lead to activation of extrasynaptic NMDARs on neurons (Fellin 
et al. 2004), potentially creating a neuronal-glia signaling network that can lead to 
neuronal death.  Additionally, extracellular ATP can lead to astrocyte reactivity after 
injury (Franke et al. 1999), with some studies specifically implicating the P2Y1 receptor 
(Franke et al. 2001).  Possibly from these mechanistic findings, blocking P2 receptor 
activation after focal cerebral ischemia and chemical hypoxia has been shown to be 
neuroprotective (Cavaliere et al. 2001; Kharlamov et al. 2002; Lammer et al. 2006), and 
P2 receptor antagonists can modulate glutamate-evoked death in cultured cerebellar 
granule neurons (Volonte and Merlo 1996). 
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In this study we compared the role of glutamatergic and purinergic receptors on 
the resulting cell death following mechanical injury to the hippocampus in vitro.  Using 
an in vitro model of traumatic brain injury in organotypic hippocampal slice cultures 
(OHSCs), we found that mechanical injury causes a progressive increase in cell death 
within the CA3 region of the hippocampus 24 and 72 hours after injury.  In agreement 
with previous work, blockade of all NMDARs eliminated the increase in cell death in the 
CA3.  We found that inhibiting the activity of extrasynaptic NMDARs was consistent in 
limiting cell death only at moderate levels of injury.  In comparison, blocking the activity 
of mGluR5 receptors was completely ineffective in reducing cell death after mechanical 
injury at any injury severity.  Inhibiting the activity of P2 purinergic receptors resulted in 
significant decrease in cell death at all injury levels.  These data indicate that extracellular 
ATP and NMDARs have a related role in activating cell death after mechanical injury of 
hippocampal slices, and that purinergic receptors may represent a more potent therapeutic 
target than other glutamatergic receptor blockade strategies.
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4.3 MATERIALS AND METHODS 
4.3.1 Organotypic hippocampal slice culture isolation 
All procedures involving animal use were approved by the Institutional Animal 
Use and Care Committee at the University of Pennsylvania. The methods for isolating 
organotypic cultures are similar to those described previously (DeRidder et al. 2006), 
with some modifications. Briefly, elastic silicone membranes (Sylgard 184:186 mix, Dow 
Corning) were stretched across a 60mm stainless steel well containing an 18mm diameter 
hole in the center.  The exposed region of the membrane was treated overnight with poly-
L-lysine (20 μg/ml, Sigma-Aldrich) and laminin (50 μg/ml, BD Biosciences).  The wells 
were rinsed with sterile water and culture media containing Neurobasal-A media 
(Invitrogen Corp.) supplemented with 6.5% glucose, B-27 (Invitrogen), and 1 μg/ml L-
glutamine (Sigma) was added to the culture well.  The wells were kept in a humidified 
incubator at 37°C, 5% CO2 until needed.  
Brains were aseptically removed from 6-8-day-old CD®IGS (Sprague-Dawley) rat 
pups (Charles River Laboratories, Inc), transferred to ice-cold Gey's salt solution (Sigma-
Aldrich Corp.) supplemented with 6.5% glucose. The hippocampus was dissected out of 
each hemisphere and sectioned coronally (350μm sections) on a McIlwain Tissue 
Chopper (Brinkman Instruments). The hippocampal slices were carefully separated, and 
1-3 slices were plated onto each elastic silicone membrane. Cultures were kept in a 
humidified incubator at 37°C, 5% CO2 on a rocker (0.5 Hz, Elmeco Engineering) for 9-
10 days in vitro (DIV) with media changes occurring every 2–3 days. 
4.3.2 In vitro model of TBI 
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 The mechanical injury model used in this study applies a rapid, transient strain to 
a 6 mm x 18 mm rectangular region of the culture surface (Figure 4.1A).  Past work show 
the membrane strain causes a corresponding and proportional stretch of cultures plated on 
the membrane (Morrison et al. 1998).  The duration (20ms) and magnitude of the strain 
(50-100%) were controlled to simulate traumatic brain injury (Shreiber et al. 1997).  In a 
subset of cultures we applied the pressure pulse but the underlying membrane was not 
allowed to deflect.  No increased cell death was observed in these “pressure” controls 
compared to naïve sham cultures (data not shown).  The slices were aligned such that the 
strain field was primarily along the long axis of the hippocampal slice (Figure 4.1C).  The 
geometry of the stretched area created a nearly uniform uniaxial strain field throughout 
the stretched region (Lusardi et al. 2004).  Media was changed in all cultures 15-20 
minutes prior to stretch, at which time all pharmacological pretreatments (including 
propidium iodide) were added.   
In BAPTA-AM loaded cultures, BAPTA-AM (100µM, Molecular Probes) was 
loaded at room temperature for 40 minutes.  Cultures were then rinsed 2x with warm 
media and incubated at 37°C, 5% CO2 for 20 minutes prior to injury.  All cultures were 
stretched once and returned to the incubator until imaging.   
4.3.3 Cell death measurement 
 Cells were loaded with propidium iodide (PI, 5µg/mL, Molecular Probes) 15-20 
minutes prior to injury.  Hippocampal slices were removed from the incubator 24 or 72 
hours after injury, and imaged with a confocal microscope.  PI labeling was analyzed 
using MetaMorph software (Universal Imaging).  For each slice a single image chosen 
Chapter 4 ATP and Glutamate in the Injured Hippocampus 
  83 
for analysis at a distance of 20µm above the membrane surface.  In a subset of cultures 
the average PI labeling from five consecutive planes taken from a single slice separated 
by 5µm distance was compared to the PI labeling from a single image.  There was no 
significant difference in the pattern of cell death, since the pattern of cell death was 
identical, although the absolute value of the PI labeling was slightly lower using 5 planes.  
As such, all of our analysis used a single image. 
The hippocampal subregions were identified and the total area of each region was 
recorded (Figure 4.1C).  In a subset of cultures each week an intensity threshold was 
determined by hand counting the number of PI positive cells and then determining a 
threshold level that included only those cells.  The data are reported as a percentage of 
area staining positive for PI, which was determined in each subregion of the hippocampus 
by recording the total area that was above the threshold selected and dividing by the total 
area of the subregion.  To check the accuracy of this measurement, Figure 4.2C shows the 
linear relationship between the # of PI-positive cells per µm2 vs. the number of PI-
positive pixels divided by total pixels.  Uninjured OHSCs showed a low level of baseline 
PI labeling (Figure 4.2A), while treatment with 100µM NMDA for 24 hours resulted in a 
high level of cell death with corresponding high PI labeling (Figure 4.2B).  NMDA 
treatment resulted in greater than 20% of the area of the CA1 and CA3 labeling positive 
for PI uptake, and greater than 15% of the dentate gyrus (DG) and the hilus labeled 
positive (Figure 4.2B).   In untreated, uninjured cultures, by comparison, an average of 
less than 0.2% of each region labeled positive with PI (Figure 4.2A).  The results reported 
are from a single confocal image taken at a set distance above the membrane surface.  
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However, the results of 5 sets of confocal images taken at 5µm intervals show no 
difference in the pattern of increased cell death (Figure 4.3B-C). 
4.3.4 Calcium Crimson 
Slices were loaded with Calcium Crimson-AM (25µM, Molecular Probes) in the 
dark for 40 minutes at room temperature in the dark.  Cultures were rinsed 2x with media 
and then incubated for 90 minutes in 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-
HCl (EDC, 20 mg/ml; Pierce, Rockford) in PBS.  This compound fixes the BAPTA into 
the cell for tissue processing (Abdel-Hamid and Tymianski 1997).  Slices were then fixed 
in 4% paraformaldehyde in PBS overnight. 
After fixation, slices were rinsed four times with PBS, then immersed in PBS with 
50% w/v sucrose and incubated for 24 hours at 4°C.  Slices were sectioned to 20µm 
thickness on a freezing stage microtome, immersed in TBS with 0.1% Triton-X100, and 
mounted on microscope slides.  Slides were rinsed three times in distilled de-ionized 
water, and then incubated for ten minutes in 50% v/v MeOH with 3% v/v H2O2 to quench 
endogenous peroxidase activity.  Slides were washed another three times in DD water, 
then in TBS with 0.1% Tween-20; they were then blocked in TBS with 0.5% v/v normal 
goat serum for one hour.  Sections were then covered with either rabbit anti-GFAP at 
1:5000 in TBS with 0.5% v/v normal goat serum or rabbit anti-NeuN at 1:5000 in TBS 
with 0.5% v/v normal goat serum in a dark humidity chamber at 4°C for at least 8 hours.  
Slides were rinsed three times in TBS-Tween, then incubated in Alexa-488 goat anti-
rabbit secondary antibody 1:1000 in TBS with 0.5% v/v normal goat serum for three 
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hours at room temperature in a dark humidity chamber.  They were then cover-slipped 
using an aqueous mounting solution. 
4.3.5 Statistics 
Data are reported as mean ± standard error and analyzed by ANOVA.  The 
percentage of area staining PI positive was transformed using a log transform to 
homogenize the variance.  Data was considered significant at p < 0.05. 
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4.4 RESULTS 
4.4.1 Rapid stretch of organotypic hippocampal slice cultures results in increased 
cell death in the CA3 24 hours after injury 
 Previous work with this in vitro model shows that 50% strain is below the 
threshold required for cysteine protease activation organotypic hippocampal slice cultures 
(OHSCs), while 75% strain produced both calpain and caspase-3 activation throughout 
regions of the hippocampus (DeRidder et al. 2006).  We first examined if a similar result 
could be found using propidium iodide (PI) labeling to measure cell death in the 
hippocampus.  Applying a 50% strain to OHSCs resulted in a small but non-significant 
increase in cell death in the CA3, hilus, and DG regions of the hippocampus.  The area of 
PI positive labeling increased in the CA3 from 0.07 ± 0.02% (mean ± SE) (n = 24) in 
uninjured cultures to 0.17 ± 0.06% (n = 21) after 50% injury in the CA3 region, and 0.20 
± 0.03 % in uninjured cultures to 0.33 ± 0.07% in 50% injured the dentate gyrus (Figure 
4.3B).  Increasing the strain to 75% resulted in a large and statistically significant 
increase in cell death in the CA3 compared to uninjured cultures, with PI labeling 
increasing to 0.33 ± 0.08% of total area (p<0.001, n = 28) in the 75% injured cultures.  
The level of cell death in the CA3 increased further in the CA3 after a 100% strain, with 
the area of PI labeling increasing to 0.39 ± 0.10% of total area (p<0.001 compared to 
uninjured, n = 22) (Figure 4.3B).  The vast majority of PI labeling was detected in those 
areas which are highly enriched in neurons (Figure 4.3A).  The results confirm that rapid 
mechanical strain produces increased cell death in OHSCs 24 hours after injury, with the 
amount of cell death related to the magnitude of the applied strain.  The cell death is most 
Chapter 4 ATP and Glutamate in the Injured Hippocampus 
  87 
consistently increased in the CA3, with significant increases detected after 75% and 
100% strains. 
4.4.2 Inhibiting NMDA receptor activation attenuates cell death in CA3 region of 
OHSCs 
 With the CA3 region showing the highest relative amount of cell death indicated 
by PI labeling, we next considered if this cell death could be reduced using inhibitors 
targeting the NMDAR component of the glutamatergic receptors.  Blocking both synaptic 
and extrasynaptic NMDARs by pretreatment with the broad spectrum NMDAR 
antagonist 2-amino-5-phosphovalerate (APV, 50µM) was effective in completely 
eliminating increased PI labeling in the CA3 after a 75% strain, with labeling decreasing 
from 0.33 ± 0.08% in untreated cultures to 0.03 ± 0.01% in APV-treated cultures (n = 7, 
p<0.01) (Figure  4.4).  APV also reduced cell death after a 100% strain to levels that were 
not significantly higher than uninjured controls, lowering PI labeling from 0.39 ± 0.10% 
in untreated cultures to 0.14 ± 0.05% in APV-treated cultures (n = 9, p<0.05) (Figure 
4.4). 
4.4.3 Extrasynaptic NMDAR inhibition produces a selective protection against cell 
death after stretch 
 We next considered if the extrasynaptic NMDARs were primarily responsible for 
mediating cell death across the stretch levels studied by pretreating OHSCs with 
ifenprodil (3µM, Sigma-Aldrich) at concentrations reported to preferentially block 
extrasynaptic NMDARs (Williams 1993).  At 24 hours after injury we found that 
ifenprodil was effective in significantly inhibiting cell death in the CA3 region of cultures 
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subjected to 75% strain, reducing PI labeling to 0.07 ± 0.03% (p<0.01, n = 10) (Figure 
4.4).  However, unlike in our APV treatment, cell death was reduced after 100% strain, 
but not to the level of significance, with PI labeling an average of 0.23 ± 0.08% of the 
CA3 (n = 13) (Figure 4.4).  Therefore, unlike the broad spectrum inhibition of the 
NMDAR population with APV pretreatment, these data show that targeting a 
subpopulation of NMDARs typically associated with cell death will lead to protection at 
some, but not all, levels of mechanical injury. 
4.4.4 Inhibition of intracellular calcium increase in astrocytes is protective after 
severe injury 
 The participation of extrasynaptic NMDARs in mediating at least some cell death 
allows for the possibility that these receptors are being activated by neurotransmitters 
released from nearby astrocytes (Hardingham et al. 2002).  To determine the role of 
calcium-induced release of neurotransmitter from astrocytes in the NMDAR-mediated 
toxicity, slices were pre-incubated with the calcium chelator BAPTA-AM (100µM).  
Several studies have indicated that in hippocampal slice cultures BAPTA-AM-like 
fluorescent probes are selectively loaded into astrocytes rather than neurons (Liu et al. 
2004).  To confirm this, the BAPTA-AM analog Calcium Crimson was loaded into 
OHSCs, fixed, and co-labeled for Neu-N for neurons and GFAP for astrocytes.  Figure 
4.5A-F show that Neu-N and Calcium Crimson labeling do not overlap to any significant 
degree, while GFAP and Calcium Crimson labeling overlap extensively.  Based on this 
data and on previous studies, we concluded that BAPTA-AM was loading preferentially 
into astrocytes. 
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 Pre-incubation with BAPTA-AM prior to injury significantly reduced cell death 
in the OHSCs after 100% stretch.  A reduction, but not significant, was observed in cell 
death in the CA3 after 75%.  However, cell death at 75% was also not significantly 
higher than uninjured, BAPTA-treated cultures, making interpretation of the results at 
this injury severity difficult.  PI labeling after BAPTA-AM at 75% reduced the cell death 
to 0.20 ± 0.08% of the CA3 area (n = 12), while at 100% the cell death was 0.12 ± 0.03% 
(n = 11, p<0.05, Figure 4.5G).  These data suggest signaling in astrocytes contributes to 
CA3 cell death, at least at 100% stretch. 
4.4.5 mGluR5 is not involved in mediating stretch-induced NMDAR-mediated cell 
death in OHSCs 
 Based on the BAPTA-AM results, we investigated whether inhibition of receptors 
that are known to be involved in generating calcium transients in astrocytes also could 
inhibit cell death.  The group I metabolic glutamate receptor mGluR5 is the dominant 
calcium-linked astrocytic metabotropic glutamate receptor (Schools and Kimelberg 1999) 
and activation of this receptor has been shown to enhance the release of glutamate from 
astrocytes (Araque et al. 1998a; Araque et al. 1998b).  Moreover, mGluR5 receptors on 
neurons and can work cooperatively with the NMDAR to increase injury-induced activity 
(Lea et al. 2002).  When we pretreated OHSCs with 2-methyl- 6-(phenylethynyl)-
pyridine (MPEP, 50µM, Sigma-Aldrich), a mGluR5 antagonist, before either a 75% or 
100% strain there was no significant reduction in overall cell death in the CA3, with 75% 
strain resulting in PI labeling of 0.31 ± 0.14% of the CA3 area (n = 15) and 100% strain 
resulting in 0.29 ± 0.09% (n = 13) (Figure 4.6A).  When OHSCs were incubated 72 hours 
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after injury before imaging, we again found MPEP failed to attenuate cell death in the 
CA3, with untreated cultures showing PI labeling in 0.34 ± 0.13% (n = 16) and 0.48 ± 
0.13% (n = 13) of the CA3 area after 75% and 100% injuries, respectively, while MPEP-
treated cultures showed PI labeling in 0.55 ± 0.23% (n = 7) and 0.48 ± 0.16% (n = 8) of 
the CA3 area (Figure 4.6B).  Even with the shortcoming that MPEP administration 
inhibited mGluR5 receptors on both neurons and astrocytes, it is clear from these data 
that cell death after stretch is not dependent on the activation of metabotropic mGluR5 
receptors. 
4.4.6 Extracellular ATP and activation of purinergic receptors are linked to cell 
death in OHSCs following mechanical injury 
 An alternative mechanism for stimulating calcium increases in astrocyte is 
through the activation of P2 purinergic receptors.  P2 purinergic receptors are found on 
both neurons and glia, but are the major signaling mechanism in glial communication.  
The purinergic receptor activation can lead to further astrocyte ATP release from 
astrocytes, potentially providing a persisting release of ATP.  ATP is released in large 
quantities after TBI (Franke et al. 2006) and activation of P2 receptors has been 
connected with neurodegeneration and reactive gliosis (Franke et al. 2006).  P2 receptors 
have also been closely linked with NMDAR function, both through direct modulation of 
receptor activity (Hussl and Boehm 2006) and through activation of intracellular calcium 
on nearby astrocytes, leading to neurotransmitter release, including the release of 
glutamate (Domercq et al. 2006; Wirkner et al. 2006; Wirkner et al. 2002).  For this 
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reason, we examined if blocking the action of extracellular ATP was effective in reducing 
cell death. 
Indeed, digesting extracellular ATP with the ATP hydrolyzing enzyme apyrase 
(20U/mL, Sigma-Aldrich) reduced PI labeling after 75% injury to 0.07 ± 0.02% (n = 12) 
of the CA3 area, and reduced labeling after 100% injury to 0.03 ± 0.02% (n = 7) of the 
CA3 area (Figure 4.7).  Both reductions were significantly lower than untreated OHSCs 
(p<0.05) and were indistinguishable from uninjured cultures.  However, this treatment is 
relatively non-specific and part of the effect may be due to the acceleration of the 
production of adenosine, which may increase the protective effect by limiting synaptic 
glutamate via inhibitory adenosine receptors.  A more specific treatment was PPADS 
(10µM, Sigma-Aldrich), a non-selective P2 receptor antagonist which reduced cell death 
after both moderate and severe injury at 24 hours, resulting in PI labeling of 0.09 ±0.03% 
(n =19) of the CA3 after 75% injury and 0.16 ± 0.04% (n = 24) after 100% injury (Figure 
4.7).  Since the results of the P2 receptor blockers mimic the effectiveness of APV and, at 
75% stretch, ifenprodil, these results together suggest that NMDAR-dependent stretch-
induced cell death in OHSCs is connected to activation of P2 receptors by extracellular 
ATP. 
 We next considered if the protection against stretch-induced cell death was 
associated with the metabolic P2Y1 receptor, a receptor widely expressed on astrocytes 
and shown to be involved in releasing astrocytic glutamate as well as stimulating 
proliferation and gliotic responses (Domercq et al. 2006; Franke et al. 2004; Franke et al. 
2001).  Pretreatment with the specific P2Y1 receptor antagonist MRS 2179 (10µM, 
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Sigma-Aldrich) reduced PI labeling to 0.04 ± 0.02% (n = 10) of CA3 area after 75%, to 
0.14 ± 0.05% (n = 12) of CA3 area after 100%, which was significantly lower than 
untreated cultures (p<0.05) (Figure 4.7).  Interestingly, the reduction seen with MRS 
2179 was similar to the broad-spectrum P2 receptor antagonist PPADS; no statistical 
difference was noted between PPADS and the more specific MRS 2179 treatment at all 
stretch levels studied.
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4.5 DISCUSSION 
Several past reports show that the hippocampus is specifically vulnerable to injury 
following TBI (Beer et al. 2000; Bramlett et al. 1997; Hicks et al. 1996; Lowenstein et al. 
1992; Smith et al. 1995).  In this study we confirmed that mechanical injury induces 
subregion-specific cell death in organotypic hippocampal slice cultures 24 hours after 
injury, with the CA3 region being most susceptible at every injury severity investigated.  
We found a strain-dependent increase in cell death in the CA3 after moderate (75%) and 
severe (100%) injury which could be inhibited by a broad-spectrum NMDA receptor 
antagonist; however, a more selective antagonist for extrasynaptic, NR2B-containing 
NMDARs significantly reduced cell death only after moderate injury.  In addition, we 
examined the upstream mechanisms responsible for triggering glutamate release onto 
NMDARs.  Increases in astrocytic calcium appeared to be a key requirement of cell death 
after severe stretch injury, as the selective loading of a calcium chelator (BAPTA-AM) in 
astrocytes provided protection against death.  Although mGluR5 receptor activation on 
astrocytes can lead to persistent calcium waves, we found that inhibiting the metabotropic 
glutamate receptor mGluR5 was completely ineffective in reducing cell death after 
medium or severe injury.  Conversely, blocking P2 purinergic signaling was significantly 
effective in inhibiting cell death after injury, with both non-specific P2 purinergic 
inhibitors (apyrase and PPADS) and a specific antagonist of the P2Y1 receptor subtype 
capable of reducing cell death significantly in comparison to untreated controls.  These 
results suggest that NMDARs and P2 purinergic receptors, primarily through the P2Y1 
receptor subtype linked to astrocytic calcium, are acting along the same pathway after 
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injury leading to cell death, since blocking P2Y1 activation, astrocytic calcium, or 
NMDAR activation is sufficient to dramatically reduce cell death. 
Antagonism of the NMDAR has been effective in limiting cell death and damage 
in the hippocampus after excitotoxicity (Sattler et al. 2000), ischemic insults (Arundine 
and Tymianski 2004), and TBI (Bullock and Fujisawa 1992; Dempsey et al. 2000; Faden 
et al. 1989; Faden et al. 2003; Rao et al. 2001; Regan and Choi 1994; Shapira et al. 
1990).  Several previous studies have implicated NR2B-containing NMDARs as being 
responsible for increased cell death after injury or disease (Hardingham et al. 2002; Wang 
and Shuaib 2005), while others have shown that over-activation of either extrasynaptic or 
synaptic NMDARs can lead to cell death under the proper conditions (Sattler et al. 1998; 
Sattler et al. 2000).  We observed a transition from extrasynaptic NMDAR-mediated 
toxicity at moderate injury to a combination of extrasynaptic and synaptic NMDAR-
mediated toxicity at the most severe injury.  The lack of inhibition for the NR2B-
containing NMDAR, when combined with the observation of complete blockade 
eliminating cell death, indicated that both extrasynaptic and synaptic NMDARs are 
responsible for cell death after the most severe injury in our model.  Even though 
synaptic NMDAR activation has been linked to pro-survival stimuli (Hardingham et al. 
2002), our data suggest a sufficiently high level of synaptic receptor activation can cause 
cell death, as has been reported by others (Sattler et al. 2000).  These data suggest that, 
unlike in other diseases or injury conditions, both groups of NMDA receptors are 
involved in mediating cell death after high levels of mechanical injury, and that activation 
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of the death signal may be dependent on the upstream signaling from activating both 
NMDAR subpopulations. 
The most obvious source of glutamate for activation of synaptic NMDARs is 
from synaptic vesicles, and the unregulated release of glutamate from synaptic regions 
has been suggested to be involved in excitotoxic cell death after injury in several models 
of TBI and ischemia (Rothman and Olney 1986).  However, an alternative source of 
glutamate is from release by nearby astrocytes, which is capable of activating 
extrasynaptic NMDARs on adjacent neurons.  Studies have shown that astrocytic release 
of glutamate can lead to synaptic alteration and, in some cases, neuronal death (Bezzi et 
al. 2004; Fellin et al. 2006a; Kang et al. 2005; Parpura and Haydon 2000).  As noted 
above, astrocytes possess the protein machinery for vesicular release of glutamate 
(Anlauf and Derouiche 2005; Bezzi et al. 2004; Montana et al. 2004; Zhang et al. 2004b), 
and vesicle fusion and subsequent glutamate release has been shown to be dependent on 
increase in intracellular calcium (Montana et al. 2004; Zhang et al. 2004a).  Based on our 
data and these previous studies we examined the potential role of glutamate release from 
astrocytes onto neuronal NMDARs. 
The application of BAPTA-AM to specifically reduce calcium increases in 
astrocytes was sufficient to reduce cell death significantly after severe injury, and 
reduced death after moderate injury, but not to the level of statistical significance.  
BAPTA-AM treatment of OHSCs has been shown to last no more than 6 hours before the 
BAPTA is completely broken down or excluded from the cell (Abdel-Hamid and 
Tymianski 1997), so the inconsistency of the results may be due to the loss of 
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effectiveness of the treatment by 24 hours.  Nonetheless, the persistence of some level of 
protection after moderate injury and a significant level of protection after severe injury 
suggested that astrocytes were involved in activating NMDARs after mechanical injury. 
We examined both glutamatergic and purinergic pathways that were likely to 
induce calcium increases in astrocytes after injury to investigate how these pathways also 
affected cell death.  The dominant calcium-associated metabotropic glutamate receptor 
on astrocytes is the mGluR5 (Biber et al. 1999; Schools and Kimelberg 1999), which 
found on processes near synapses and is involved in sensing glutamate levels in the 
synapse (Porter and McCarthy 1996).  It is also involved in inducing reactive gliosis 
(Fields and Burnstock 2006), indicating that it is part of a major signaling pathway in 
astrocytes.  Activation of the mGluR5 receptor triggers calcium increases (Nakahara et al. 
1997) which can lead to release of vesicular glutamate release from astrocytes (Zhang et 
al. 2004a), thereby allowing astrocytes to activate extrasynaptic NMDARs (Fellin et al. 
2006a; Kang et al. 2005; Parpura and Haydon 2000).  Significantly, antagonists of this 
receptor were effective in reducing cell death after excitotoxic, ischemic, and TBI models 
(Bao et al. 2001; Movsesyan et al. 2001; Strasser et al. 1998), indicating that there a 
pathological role for the mGluR5 receptor.  Based on these reports, we suspected that 
over-activation of the astrocytic mGluR5 receptor located near damaged synapses may 
induce a calcium-dependent release of glutamate, thereby inducing NMDAR activation 
across many neurons.  However, in our model of mechanical injury, we found that an 
antagonist to the mGluR5 receptor was completely ineffective in preventing cell death. 
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A second and less commonly studied pathway typically leading to intracellular 
calcium increases in astrocytes is through the activation P2 purinergic receptors which 
are activated by extracellular ATP.  ATP is released in large quantities after TBI , both 
through regulated release mechanisms and from the unregulated release from ruptured 
cells (Erb et al. 2006).  P2 receptors are widespread in the brain, present on neurons, 
astrocytres, microglial, and other cells.  In neurons, extracellular ATP can alter neuronal 
glutamate signaling through the action of pre- and post-synaptic ionotropic P2X receptors 
and metabotropic P2Y receptors (Duan and Neary 2006).  In CA1 hippocampal neurons, 
P2X and P2Y receptors mediate the release of glutamate at presynaptic terminals, with 
P2X receptors increasing glutamate release and P2Y receptors inhibiting release 
(Rodrigues et al. 2005).  Alternatively, ATP can excite hippocampal interneurons through 
the activation of the P2Y1 subtype of receptors, leading to enhanced inhibition in the 
hippocampus (Kawamura et al. 2004).  Moreover, ATP can modulate neuronal signaling 
through its rapid conversion to adenosine and subsequent activation of adenosine 
receptors generally leading to suppression of synaptic activity (Newman 2003).  
However, these mechanisms do not have a direct relationship with astrocytic calcium 
increases, and therefore are unlikely to be involved in the BAPTA-AM sensitive cell 
death that we detected in our study.   
A more direct link between extracellular ATP and astrocytic calcium-dependent 
NMDAR activation is through the activation of P2 receptors on nearby astrocytes.  In 
astrocytes, ATP is the major signaling mechanism between adjacent cells, resulting in 
intracellular calcium waves that can propagate for long distances in vitro (Cotrina et al. 
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2000).  ATP can also trigger the release of glutamate from astrocytes through calcium-
dependent and calcium-independent mechanisms (Duan et al. 2003; Fellin et al. 2006b; 
Wirkner et al. 2006; Wirkner et al. 2002).  Among the many P2 receptor subtypes, P2X7 
activation on astrocytes can cause the formation of large pores through which ions and 
small molecules can flow (Duan and Neary 2006).  P2X7 pores are permeable to both 
ATP and glutamate, and P2X7 activation has been shown to be directly linked to 
calcium-independent glutamate release from astrocytes with subsequent activation of 
NMDARs on adjacent neurons (Fellin et al. 2006b).  Alternatively, P2Y1 receptors are 
widely expressed on astrocytes and are linked to intracellular calcium through a G-
protein coupled mechanism (Domercq et al. 2006; Erb et al. 2006; Franke et al. 2006).  
Significantly, Domercq et al showed that this receptor subtype is involved in glutamate 
release specifically from astrocytes, finding that stimulation of P2Y1 does not release 
glutamate from hippocampal synaptosomes or microglia (Domercq et al. 2006).  For 
these reasons, we investigated the role of P2Y1 receptors in mediating NMDAR-
dependent cell death, given that P2Y1 receptor activation is linked to intracellular 
calcium and glutamate release in astrocyte.  
In studying the purinergic pathways, we first applied non-specific purinergic 
receptor inhibitors to observe the overall contribution of extracellular ATP.  P2 
purinergic receptor blockers have been shown to be effective in preventing cell death 
several models of neuropathology (Abbracchio and Verderio 2006; Cavaliere et al. 2001; 
Lammer et al. 2006; Neary and Kang 2005).  Because purine receptors are seen on almost 
all cell types in the brain, the application of apyrase, which hydrolyzes ATP, and PPADS, 
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which is a non-specific P2 receptor antagonist, could not be used to indicate cell 
specificity.  However, they were both effective in dramatically reducing cell death after 
both moderate and severe injury, confirming the involvement of extracellular ATP in 
NMDAR-induced cell death after mechanical injury.  We cannot discount the possibility 
that the effects of apyrase may also be mediated through the increased efficiency in 
adenosine production, which could lead to increased inhibition of glutamate release at the 
synapse through the activity of adenosine receptors.  Likewise, PPADS is a broad-
spectrum P2 receptor antagonist and may have resulted in decreased cell death through 
the antagonism of a wide range of neuronal and glial signal transduction pathways. 
When we investigated whether the P2Y1 was involved in trauma-induced death, 
our data showed that inhibiting this receptor was sufficient to reduce NMDAR-mediated 
cell death at both moderate and severe injury.  In the moderate injury condition, we were 
able to completely eliminate injury-induced cell death by blocking extrasynaptic 
NMDARs with ifenprodil or by blocking P2Y1 receptors with MRS 2179.  Based on the 
prevalence of P2Y1 receptors on astrocytes the ability for astrocytic P2Y1 receptors to 
induce glutamate, as well as the ability for astrocytic glutamate to activate extrasynaptic 
NMDARs, we propose that cell death is primarily mediated through an astrocytic 
signaling pathway at this severity of injury in our model.   
In the more severe injury condition we were able to reduce but not eliminate cell 
death by blocking P2Y1 receptors with MRS 2179 or by inhibiting calcium increases in 
astrocytes with BAPTA-AM, and were able to completely eliminate cell death with the 
broad-spectrum NMDAR antagonist APV or by enzymatically digesting extracellular 
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ATP with apyrase.  In this condition we suspect that glutamate is becoming excitotoxic 
via both synaptic and extrasynaptic NMDARs, which would explain the loss of efficacy 
of ifenprodil but the continued efficacy of APV.  Cell death is still mediated partially by 
P2Y1 receptor-mediated glutamate release from astrocytes, given the ability of MRS 
2179 and BAPTA-AM to reduce but not eliminate cell death.  We suspect that synaptic 
glutamate released from the pre-synaptic terminal is responsible for much of the 
remaining cell death, with the production of inhibitory adenosine most likely contributing 
to the protective effects of apyrase.  Taken together, these results strongly suggest the 
involvement of calcium-induced glutamate release through a P2Y1 purinergic receptor 
pathway in NMDAR-mediate cell death after injury, with additional stimulation provided 
by synaptically released glutamate.  
Overall, these data point to important linkages between purinergic and NMDA 
receptors in influencing cell death in the hippocampus after traumatic mechanical injury.  
The link between these receptors appears to indicate the tight coupling between 
astrocytes and neurons after traumatic injury, and how the ATP-mediated release of 
glutamate from astrocytes can, in turn, drive cell fate in the CA3 after TBI.  With this 
potential coupling emerges new therapeutic opportunities for TBI which not only target 
neurons but also key activating mechanisms in astrocytes that can subsequently improve 
cell survival after TBI. 
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Figure 4.1.  A: Overview of the injury device.  B: Organotypic hippocampal slice cultures 
(OHSCs) were cultured for 9-10 DIV on transparent, elastic membranes.  An air pressure 
pulse was delivered to the culture surface, deflecting the membrane downward, 
producing a 50%, 75%, or 100% strain.  A metal plate beneath part of the culture 
restricted the region of stretch to a 6 mm x 18 mm region.  The membrane strain 
produced by such geometry is nearly uniform throughout the stretched region.  C: 
Representative OHSC stained with vector methyl green.  For cell death measurements the 
CA1, CA3, hilus, and dentate gyrus (DG) subregions were separated as shown. The 
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Figure 4.2. PI labeling of OHSCs.  Propidium iodide was added to the cultures 15 
minutes prior to injury and left on until imaging on a confocal microscope 24 hours later. 
NMDA-treated cultures (B) and naïve sham cultures (A) were used as controls. Scale bar 
= 500µm.  C: The cell death data was reported as the percent of the area of each region 
that labeled positive for PI (# of PI positive pixels / total pixels).  Figure 4.2C shows the 
relationship between % Area PI positive and the concentration of cell death per µm2.  
This data was collected from a random subset of cultures.  The relationship between the 
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Figure 4.3.  Mechanical injury produced an increase in cell death in the CA3 of 
hippocampal slice cultures 24 hours after a mechanical injury.  A: Representative image 
of a hippocampal slice stained with PI 24 hours after a 100% strain-induced injury.  Scale 
bar = 500µm.  B: Quantification of a single image of PI staining in OHSCs 24 hours after 
injury.  PI staining was significantly increased in the CA3 region after both 75% and 
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Figure 4.4. Treatment with NMDA receptor antagonists attenuated cell death after injury.  
APV, a non-specific NMDAR antagonist, significantly reduced cell death in the CA3 at 
24 hours after injury after 75% and 100% strain.  Ifenprodil, an antagonist of NR2b-
containing NMDARs, was effective in reducing cell death after a 75% strain but lost 
effectiveness at the higher strain level.  # = p < 0.05 vs 0%.  * = p< 0.05 compared to 
untreated cultures. 
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Figure 4.5.  A-C:  BAPTA-AM analog Calcium Crimson (B) loaded preferentially into 
astrocytes stained positive for GFAP (A)  Figure 4.5C shows overlay of staining.  D-F.  
Calcium Crimson (E) generally did not co-label cells staining positive for Neu-N (D) in 
hippocampal slices  Figure 4.5F shows overlay of staining.  Scale bar = 100µm  G: Pre-
incubating with BAPTA-AM (100µM) significantly reduced cell death at 24 hours after 
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Figure 4.6.  Injury-induced CA3 cell death in OHSCs was not dependent on activation of 
mGluR5.  MPEP, an mGluR5 antagonist, was ineffective in reducing cell death in the 
CA3 region of OHSCs 24 hours (A) or 72 hours (B) after a 75% or 100% injury.  * = p < 
0.01 vs. 0%. 
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Figure 4.7.  P2 purinergic receptors mediated cell death in the CA3 region 24 hours after 
injury.  The application of PPADS, a non-specific P2 receptor antagonist, significantly 
reduced cell death after 75% and 100% strain.  Likewise, enzymatically degrading 
extracellular ATP with apyrase completely eliminated stretch-induced cell death.  The 
P2Y1 receptor antagonist MRS 2179 restricted cell death in a similar manner as PPADS. 
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5.1 Astrocytes Modulate Calcium Wave Communication in Response to Mechanical 
Injury  
 Our calcium wave studies showed that injured astrocytes modulate 
communication to surrounding regions based on the level of applied injury.  Currently 
there is little clear understanding of the role of calcium signaling in astrocyte networks 
during physiological signaling (Scemes and Giaume 2006).  Even less is known about the 
long term effects of astrocytic calcium waves after TBI.  We investigated one common 
signaling pathway seen in ATP stimulation of astrocytes, the ERK cascade, and found 
that calcium waves do not activate this cascade.  However, there are many other possible 
signaling mechanisms that could be triggered by intense intercellular calcium waves.  For 
example, other MAPK pathways, including JNK, might be activated selectively after 
specific levels of injury from either ATP signaling or excessive intracellular calcium.  It 
is also possible that the ERK cascade or other cascades are activated at higher levels of 
injury.  As noted previously, the injury severities used in this study were sub-lethal and at 
the low end of what has been measured in TBI models (Shreiber et al. 1997).  It is very 
probably that as strains approach the threshold for lethal mechanical injury calcium wave 
communication will initiate more interesting cellular responses in surrounding astrocytes.   
 The role of injury-induced calcium waves in initiating reactive gliosis may be an 
avenue for future investigation.  Application of exogenous ATP has been shown to 
induce reactive gliosis in several in vitro models (Neary and Kang 2005), so it is 
reasonable to assume that ATP-mediated calcium waves may trigger a similar result.  
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One problem with cultured astrocytes in general, however, is that they are 
morphologically more closely comparable to reactive astrocytes in vivo than normal 
astrocytes (Wu and Schwartz 1998).  As a result, many of the features of reactive gliosis, 
such as increased GFAP expression, are harder to detect in vitro than in vivo.  
For this reason, it may be valuable to look at injury-induced calcium waves in 
vivo.  An in vivo model could verify whether astrocytes can actually modulate their 
communication in response to injury magnitude in a pathophysiological condition.   In 
this paradigm the influence of non-astrocytic cells on astrocyte calcium signaling could 
also be observed, and the more realistic extracellular matrix would clarify the extent to 
which injury can induce calcium waves in surrounding tissue.  This model also would 
show how far ATP signaling can transmit signals in the brain after injury, since the in 
vitro model lacks much of the cell distribution that inhibits diffusion and there is much 
lower activity of ectonucleotidases to degrade ATP.  Another interesting phenomenon to 
look at would be how long calcium waves can elevate intracellular calcium in stimulated 
astrocytes in vivo, and whether this is dependent on the magnitude of the applied strain.  
This model would also be able to investigate the effects calcium signaling has on nearby 
neurons and microglia.  
5.2 Mechanical Properties of Astrocytes Change after Injury  
In our study of the change in stiffness in astrocytes after mechanical injury we 
found a correlation between increased GFAP and decreased apparent Young’s modulus, 
especially in non-nuclear regions of the cell.  We used a simple indentation protocol to 
measure cellular stiffness and determined the Young’s modulus by fitting the data to a 
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well known model for interpreting AFM force-indentation curves.  However, there are 
several other methods using AFM that could make these measurements.  For instance, the 
protocol we used consisted of a relatively low frequency (1 Hz) indentation which 
resulted in measuring essentially only the elastic component of the cell’s mechanical 
properties.  Other investigators have measured both the viscous and elastic properties of 
various cells using high frequency indentation protocols (Lu et al. 2006).  These 
protocols generally give a frequency-dependent value of the modulus and which is not 
easily comparable to our model.   
We picked two regions to concentrate on in measuring the change in cellular 
stiffness: nuclear regions (membrane areas above the nucleus) and non-nuclear regions.  
While these were easily identifiable areas, there are many other substructures in the 
cytoplasm that may have a major role in determining the local stiffness.  Beside the 
presence of actin filaments, organelles like mitochondria may have a significant impact 
on the results.  Also, in especially thin areas of the cell the force-deflection profile may 
start to detect influences from the underlying substrate.  We attempted to limit this effect 
in two ways.  First, we used confluent cultures in which there were virtually no cell 
borders that were not touching other cells, and, as a result, we hoped that the edges of 
these cells would be generally thicker than in isolated cells.  We also avoided indentation 
very close to the edge of the cell, on the assumption that the edges would be thinner than 
the more central areas.   
We showed a correlation between increased GFAP immunoreactivity and cell 
softening after mechanical injury.  In subsequent experiments this correlation should be 
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investigated to show a causal relationship.  Of course, one major roadblock to this study 
would be determining the factor that is inducing GFAP immunoreactivity.  There are 
several potential candidates, including ATP, glutamate, and inflammatory cytokines like 
IL-1β.  The complicating factors, however, are that treatments that block the injury-
induced activity of these molecules might also block normal, baseline signaling and thus 
affect cytoskeletal organization.  Likewise, induction of increased GFAP expression may 
also have a large number of effects that could affect actin organization, such as inducing 
proliferation or process growth, and these changes may cause a softening of the cell 
separate from the GFAP change.  Because of these complicating factors, we believe the 
determining the causal relationship between GFAP expression and astrocyte softening 
may be very difficult. 
5.3 P2Y1 and NMDA Receptors Mediate Cell Death Patterns in the CA3 Region of 
Injured Organotypic Hippocampal Slice Cultures 
 We found that P2Y1 receptors and NMDARs are involved in mediating cell death 
in OHSCs 24 hours following injury.  In this study we attempted to show that astrocytes 
responding to excessive injury-induced release of ATP release glutamate onto neuronal 
NMDARs in a calcium-dependent manner.  In general, the data support such a 
hypothesis.  However, there are many questions that still need to be answered in this 
study.  For example, our study gave us no information about the therapeutic window for 
NMDAR antagonists or P2Y1 antagonists.  We pretreated all of our cultures, which is 
clearly not a clinically relevant model of treatment.  In future studies these drugs could be 
applied at various time points to determine the effective treatment window.  In addition, 
Chapter 5  Potential Limitation and Future Directions 
  112 
we only report data for 24 hours after injury.  It is possible that the treatments applied in 
this study simply delay cell death.  Future studies can examine whether these treatments 
are protective over longer time periods.  
This study also did not investigate if treatment with P2Y1 receptor antagonists 
reduced cell death in a specific cell type or if all cell types were protected equally.  
Previous work using our model of injury reported that cell death was relatively evenly 
mixed between astrocytes and neurons, with oligodendrocytes providing a much smaller 
number of dead cells at 24 hours (DeRidder et al. 2006).  In this thesis we showed that at 
the severe injury level the P2Y1 receptor antagonist only offered partial protection in the 
CA3.  A studied that is planned for the near future will investigate whether the P2Y1 
receptor antagonist is specifically protective to astrocytes or neurons.  Likewise, the type 
of cell death, necrotic or apoptotic, was not investigated in our study, since propidium 
iodide staining does distinguish.  However, studies using antibodies to caspase-3 and 
calpain-mediated spectrin-breakdown product can determine the mix between apoptotic 
and necrotic death, respectively (DeRidder et al. 2006).  In addition, activation of cell 
death pathways or kinase pathways that are associated with cell death (ERK, JNK, etc.) 
could be studied to determine if there is a correlation between activation of these 
pathways and increased cell death.  Inhibition of these pathways may help determine a 
causal link between activation and death.
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